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PREFACE 


Symposium  H,  entitled  "Progress  in  Semiconductor  Materials  for  Optoelectronic 
Applications,"  was  held  November  26-29  at  the  2001  MRS  Fall  Meeting  in  Boston, 
Massachusetts.  There  were  160  papers  presented  in  eleven  sessions,  including  two  poster 
sessions.  The  sessions  were  well  attended  and  the  discussions  were  lively. 

The  presentations  during  this  four-day  symposium  emphasize  the  broad  scientific  and 
technological  interest  in  semiconductor  materials  for  optoelectronic  applications.  The 
objective  of  this  symposium  was  to  review  the  progress  on  interband  and  intersubband 
transitions  in  semiconductor  materials  including  III-V,  IV,  and  Il-VI  materials  and  quantum 
structures  as  well  as  to  cover  the  progress  on  light  sources,  detectors,  modulators,  and  other 
novel  devices.  A  significant  portion  of  the  symposium  addressed  materials  growth  and 
processing  issues  for  optoelectronic  devices,  including  work  on  solar  cell  and  lasers  materials 
utilizing  low  nitrogen  concentration  compounds,  VCSELs,  quantum  dots,  and  quantum  wells,  as 
well  as  heterostructures.  Materials  ranged  over  the  III-V  and  II- VI  semiconductors,  including 
GaAs,  GaAsN,  InP,  ZnSe,  and  others.  Technological  applications  ranged  over  infrared 
detectors,  microelectronics,  optical  materials,  lasers  solar  cell  applications  and  design  and 
VCSELs. 

Session  chairs  included:  Salah  Bedair,  Yoon-Soo  Park,  Joe  Campbell,  Weng  Chow,  John 
Bruno,  Steven  Kurtz,  Brad  Weaver,  Chennupati  Jagadish,  and  Robert  M.  Biefeld.  The 
organizers  gratefully  acknowledge  their  contribution. 

Symposium  support  was  provided  by  the  Air  Force  Office  of  Scientific  Research  and  the 
Office  of  Naval  Research.  The  symposium  organizers,  proceedings  editor,  and  the  Materials 
Research  Society  gratefully  acknowledge  their  support. 

It  should  be  noted  that  several  selected  papers  from  Symposium  K  and  Symposium  T  were 
added  to  this  proceedings. 
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ABSTRACT 

InGaAsP/InP  multiple  quantum  wells  have  been  prepared  by  Impurity-Free  Vacancy 
Disordering  (IFVD).  The  luminescent  characteristics  was  investigated  using  photoluminescence 
(PL)  and  photoreflectance  (PR),  from  which  the  band  gap  blue  shift  was  observed.  S6N4,  Si02 
and  SOG  were  used  for  the  dielectric  layer  to  create  the  vacancies.  All  samples  were  annealed  by 
rapid  thermal  annealing  (RTA).  The  results  indicate  that  the  band  gap  blue  shift  varies  with  the 
dielectric  layers  and  annealing  temperature.  The  SiO  2  capping  was  successfully  used  with  an 
InGaAs  cladding  layer  to  cause  larger  band  tuning  effect  in  the  InGaAs/InP  MQWs  than  the 
Si3N4  capping  with  an  InGaAs  cladding  layer.  On  the  other  hand,  samples  with  the  S6N4-InP  cap 
layer  combination  also  show  larger  energy  shifts  than  that  with  Si02-InP  cap  layer  combination. 

INTRODUCTION 

In  fabricating  luminescent  devices  for  integrated  optoelectronic  and  photonic  application, 
InGaAsP/InP  multiple  quantum  well  (MQW)  structures  have  attracted  research  interests. 
Post-tuning  of  optical  band  gap  energy  can  be  achieved  from  these  MQW  structures,  which 
posses  the  advantage  to  avoid  the  complicated  post  growth  processing.  Several  technical 
approaches  have  been  explored  to  achieve  this  purpose,  including  (1)  Impurity  Induced 
Disordering  (IID)  [1,2],  (2)  Implant  Induced  Composition  Disordering  (IICD)  [3-6],  and  (3) 
Impurity^Free  Vacancy  Disordering  (IFVD)  [7,8].  Among  them,  IFVD  technique  shows  more 
promising  because  it  can  keep  high  crystal  quality  and  low  optical  propagation  loses  as  well  as  it 
does  not  introduce  ffee-carrier  concentration.  IFVD,  utilizing  a  dielectric  layer  such  as  SiO  2  and 
Si3N4  as  Ga  sink  at  elevated  temperature,  could  result  in  the  redistribution  of  Ga  vacancies  in 
MQWs  to  enhance  the  quantum  well  intermixing  and  thus  to  enhance  the  luminescence  [9,10]. 


*  Electronic  mail:  zfeng@axcelphotonics.com 
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In  this  paper,  a  systematic  investigation  on  luminescent  characteristics  of  InGaAsP/InP 
MQW  system  using  Si02,  SbN4  and  SOG  (spin  on  glass)  as  dielectric  layers  in  IFVD  is  reported. 
Photoluminescence  (PL)  was  measured  by  a  Fourier  Transform  Infrared  (FT-IR)  PL  system. 
Photoreflectance  (PR)  measurements  on  these  samples  were  used  to  investigate  further  the 
behavior  of  band  gap  blue  shift.  To  our  knowledge,  there  was  no  report  published  with 
measuring  band  gap  blue  shift  by  PR  for  this  material  system  yet.  We  found  that  the  different 
combinations  of  cladding  layer  and  dielectric  layer,  such  as  InP-SiO  and  InP-SiN,  also  affect  the 
band  gap  luminescent  characteristics,  which  was  also  rarely  reported. 


EXPERIMENT 


Two  typical  samples  were  chosen  in  this  paper.  Both  samples  A  and  B  are  InGaAsP/lnP 
laser  structures,  consisting  of  three  quantum  wells,  designed  to  emit  at  wavelength  of  1 .57  jim 
and  1.55  jim,  respectively.  They  were  grown  by  Gas  Source  Molecular  Beam  Epitaxy  (GSMBE). 
The  detail  structures  of  samples  are  shown  in  Table  1,  in  which  “1.15Q”  means  “InGaAsP  layer 
with  the  bandgap  wavelength  of  1.15  jim”,  and  “ud”  does  “un-doped”.  Sample  A  was  cut  and 
divided  into  tliree  groups  with  capped  dielectric  layers  of  Si02  and  Si}N4  by  PECVD  and  SOG 
by  spin  coating  at  3000  rpm  for  45  second.  The  thickness  of  all  the  dielectric  layers  is  about  200 
nm.  Samples  with  the  SOG  cap  were  then  baked  at  200  '’C  for  2  hours  under  pure  nitrogen  ambit 
protection.  Sample  B  was  divided  into  two  groups  remarked  B1  and  B2.  B2  was  etched  InP 
cladding  layer  away  using  corrosive  solution  (HC1:H3P04=1:1).  Then  samples  B1  and  B2  were 
deposited  Si02  and  SbN4,  respectively,  by  PECVD.  The  thickness  is  also  about  200nm. 

Table  1.  Schematic  layer  structure  of  the  InGaAsP/InP  MQW  samples  studied. 


1  Sample  A 

Sample  B 

He*-InP 

p=lel8  lOOnm 

lOOnm 

InP  (ud) 

InP 

p=6el7.  25nm 

5nm 

InGaAs  (ud) 

1.150 

InGaAsP  p=5el7,  80nm 

200nm 

InP  p-!el8 

1.240 

70nm 

200nm 

InP  p-5el7 

1.580 

5nm 

40nm 

He*  InP  p-5el7 

1.240 

lOnm 

5nm 

InP  p-5el7 

1.580 

5nm 

lOOnm 

1.150  P-5el7 

1.240 

lOnm 

60nm 

1.240  (ud) 

1.580 

5nm 

.1*5nm 

OW’s  ;  2*10niTi  Barriers 

(OWHiVi  vshGoAsPo  i7yBarrieHnm-;HGaA.sPn  1 

1.240 

70nni 

30nm 

1.240  (ud) 

1.150 

n=5el7  SOnm 

.30nm 

1.150  n-5eI7 

InP 

n=lel8  SOOnm 

500nm 

InP  n^lelS 

n+  InP  subtrale 

iH  InP  Substrate  | 

After  the  GSMBE  growth,  samples  were  then  annealed  in  a  rapid  thermal  annealing  (RTA) 
furnace  at  the  temperature  ranged  from  650  ‘’C~850  "C  in  50  X  steps.  The  annealing  time  for  all 
samples  was  kept  for  30  seconds.  During  the  RTA  the  samples  were  covered  with  a  piece  of 
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semi- insulating- GaAs  face  to  face  to  minimize  the  decomposition  of  InP  and  possible 
contamination.  All  annealing  processing  are  under  the  pure  nitrogen  protection. 

Photoluminescence  measurements  were  performed  at  the  temperature  300K.  The  excitation 
source  was  an  Argon  ion  laser  with  the  wavelength  of  514.5  nm.  The  Photoreflectance  (PR) 
spectra  were  measured  at  the  optoelectronic  laboratory  of  Nankai  University.  The  modulation 
source  was  a  He-Ne  laser  with  the  wavelength  of 632.8nm. 


RESULTS  AND  DISCUSSION 

Room  temperature  PL  spectra  are  shown  in  Figure  1  for  the  as-grown  sample  A  and 
disordered  InGaAsP  multi-quantum  well  structures  after  RTA  at  800^C  for  30s  with  Si02  and 
Si3N4  encapsulating  layer,  respectively.  The  peak  position  of  the  PL  spectrum  for  the  as  grown 
sample  A  is  at  1 .571  m  (0.789  eV),  corresponding  to  the  electron  transition  from  the  first  level 
of  electronic  subband  to  the  first  level  of  heavy  hole  (El-HHl)  and  light  hole  subband  (El-LHl). 
From  the  figure  1 ,  we  can  find  that  the  band  gap  blue  shift  depends  on  the  dielectric  layer.  The 
sample  A  with  a  S^N4  capped  layer  obtained  larger  blue  shift.  In  order  to  find  the  dependence  of 
the  band  gap  blue  shift  on  the  annealing  temperature,  the  samples  covered  with  SIN4,  Si02  and 
SOG  were  annealed  at  the  temperature  of  650,  700,  750,  800  and  850®C,  respectively.  Figure  2 
shows  the  annealing  temperature  dependence  of  band  gap  shift.  It  can  be  observed  that  the  band 
gap  of  PL  peak  varies  with  the  RTA  temperature.  For  low  annealing  temperature  range  of 
650~750^C,  the  PL  peak  has  little  change,  however,  when  the  annealing  temperature  was  beyond 
750”C,  the  PL  peak  moves  to  short  wavelength  evidently. 


Figure  1.  The  PL  spectra  of  the  control  sample  and  Si02,  Si3N4  covered  samples. 
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20 


Figure  2.  The  temperature  dependence  of  blue  shift  for  different  dielectric  covered  samples. 

On  the  other  hand,  we  also  performed  photoreflectance  (PR)  measurements  in  accordance 
with  the  results  of  PL  spectra,  as  shown  in  Figure  3.  It  shows  that  PR  results  are  consistent  with 
the  PL  results.  This  indicates  that  PR  can  be  used  as  a  supplementary  way  to  study  the 
luminescent  characteristics  of  the  band  gap  shift.  Furthermore,  PR  spectra  can  provide  some 
other  information,  for  example,  some  detailed  data  about  different  layer  luminescent 
characteristics  through  analyzing  PR  spectra,  which  to  be  done  in  a  separate  paper. 


Energy  (eV) 


Figure  3.  Band  gap  blue  shift  measured  by  PR  with  different  annealing  temperature. 
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In  order  to  find  the  effects  on  the  combination  of  the  cladding  layer  and  dielectric  covered 
layer,  the  annealing  temperature  dependence  of  the  bandgap  blue  shift  for  sample  B 1  and  B2 
with  different  dielectric  layers  were  further  studied,  based  upon  the  PL  data.  Sample  B1  has  an 
InP  cladding  structure,  and  sample  B2  has  an  InGaAs  cladding  layer.  Both  samples  B 1  and  B2 
have  the  same  MQWs  except  for  the  cladding  layer.  These  two  types  of  samples  were  measured 
under  the  same  experimental  condition,  to  examine  their  band  gap  blue  shift.  Figure  4  shows  the 
dependences  of  the  blue  shift  PL  peak  on  the  annealing  temperature,  caused  by  different  covered 
layer  of  S5N4  and  Si02,  respectively.  It  can  be  observed  that  the  induced  blue  shift  from  the 
sample  with  the  InP-SbN4  combination  is  larger  than  that  with  the  IrLp-Si02  combination.  For 
example,  the  blue  shift  of  the  sample  with  the  InP-Si3N4  cap  layer  combination  reaches  50  meV 
at  850^C,  but  the  blue  shift  of  the  sample  with  the  InP-Si02  cap  layer  combination  is  only  40 
meV  at  the  same  annealing  temperature.  On  the  other  hand,  the  combination  of  InGaAs-Si3N4 
covered  layer  caused  20  meV,  however  the  combination  of  InGaAs- Si02  reached  43meV.  From 
these  results,  we  can  conclude  that  the  combination  layer  of  InP-Si3N4  or  InGaAs-Si02  can 
create  larger  band  gap  blue  shift  than  the  combination  of  InP-Si02  and  InGaAs-SbN4  ones.  The 
reason  for  these  experimental  results  is  not  very  clear,  but  in  our  opinion,  it  can  be  explained  as 
follow:  The  vacancies  are  produced  in  both  group  III  and  V.  It  is  known  that  in  GaAs  material 
the  following  reactions  are  prompted  to  produce  large  number  of  vacancies  at  the  interface: 

4GaAs  +  4Si02  4Ga  +  2AS2O3  +  3Si  (1) 

AS2O3  +  2GaAs  O  Ga203  +  4As  (2) 


Figure  4.  The  temperature  dependences  of  blue  shift  for  the  samples  with  (a)  InP-Si02  and 
InP-Si3N4  combination  layers,  and  (b)  InGaAs-Si02  and  lnGaAs-Si3N4  combination  layers. 


Our  results  indicate  that  the  vacancies  generated  by  the  InP-Si02  combination  are  less  than 
that  by  the  InGaAs- SiO  2  combination  layers  because  of  the  absence  of  Ga.  As  for  the  group  V 
vacancies,  we  can  not  provide  the  detailed  reactions  as  to  how  the  vacancies  are  produced.  This 
may  be  the  reason  for  the  effects  on  the  combination  of  the  cladding  layer  and  dielectric  layers. 
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CONCLUSION 


In  conclusion,  we  have  studied  the  dependence  of  the  band  gap  blue  shift  on  the  annealing 
temperature  and  dielectric  layers  from  the  InGaAsP/InP  multiple  quantum  wells  prepared  by 
Impurity-Free  Vacancy  Disordering  (IFVD).  Both  PL  and  PR  results,  which  are  consistent  each 
other,  showed  that  this  band  gap  blue  shift  increases  with  the  annealing  temperature  for  all 
samples.  To  our  knowledge,  this  is  a  first  report  on  the  band  gap  blue  shift  measured  by  PR.  Our 
results  indicate  that  PR  can  also  be  used  as  a  supplementary  way,  in  addition  to  PL,  to  study  the 
band  gap  blue  shift.  On  the  other  hand,  to  obtain  larger  energy  shift  the  optimal  seleeted  cap 
layer  combination  is  necessary.  From  our  experiments  the  combination  of  InP-SiiN4  or 
InGaAs-SiOa  is  better  than  the  combination  of  InGaAs-Si3N4  or  InP-Si02. 
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ABSTRACT 

The  construction  and  the  parameters  of  a  new-strain  dependent  empirical 
pseudopotentials  method  are  described  and  provided,  respectively.  This  method  is  shown 
to  reproduce  with  a  very  high  accuracy  some  observed  unusual  properties  in  various 
complex  anion-mixed  nitride  alloys.  This  method  is  also  used  to  predict  and  understand 
anomalous  effects  that  remain  to  be  experimentally  discovered  in  Gai.ylnyAsi.xNx 
quaternaries  and  GaAso.5-xPo.5-xN2x  solid  solutions. 


INTRODUCTION 

Anion-mixed  nitride  alloys  exhibit  very  unusual  properties.  Examples  of  such  anomalies 
are  a  large  decrease  of  the  band-gap  when  slightly  increasing  the  nitrogen  compositions 
[1-5]  and  a  non-linear  pressure  behavior  of  the  band-gap  and  exciton  reduced  masses  in 
GaAsi-xNx  and  Gai.ylnyAsi.xNx  [6-10].  Other  examples  include  the  strong  dependency  of 
the  optical  bowing  coefficient  [3,4],  of  the  interband  transition  intensities  [11]  and  of  the 
effective  electronic  mass  with  nitrogen  composition  [12].  Other  unusual  features  are  the 
huge  dependency  of  their  optical  and  electronic  properties  with  nitrogen  atomic 
arrangement  [13-15],  as  well  as,  the  appearance  of  nitrogen  impurity  levels  near  the  band 
edges  in  the  dilute  nitrogen  impurity  limit  of  Gai.ylnyAsi.xPzNx+z  solid  solutions  [16-18]. 
Many  recent  studies  have  proposed  rather  different  mechanisms  for  the  microscopic 
effects  responsible  for  these  anomalies  [3,6-9,18-21].  One  possible  reason  for  the  present 
lack  of  consensus  among  researchers  is  the  unprecedented  difficulty  of  theoretically 
mimicking  the  properties  of  these  alloys.  As  a  matter  of  fact,  some  approximations,  such 
as  the  virtual  crystal  approximation  (VGA)  [22],  that  can  yield  predictions  in  good 
agreement  with  measurements  for  conventional  III-V  alloys  [1 1]  are  no  longer  valid  in 
III-V-N  solid  solutions  [1 1,23].  Similarly,  the  accurate  description  of  various  phenomena 
in  anion-mixed  nitride  alloys  requires  the  use  of  supercells  that  are  too  large  to  be 
handled  by  conventional  first-principles  calculations  [18].  One  computational  alternative 
to  the  VGA  and  first-principles  approaches  is  the  so-called  empirical  pseudopotentials 
method  (EPM).  However,  the  accuracy  provided  by  this  approach  strongly  depends  on 
the  analytical  form  and  on  the  parameters  used  to  derive  the  pseudopotentials,  which 
explains  why  different  EPM  can  lead  to  quite  different  quantitative  properties  [3,9,10,18]. 
The  goals  of  this  article  are  (i)  to  describe  in  detail  a  new  empirical  pseudopotential 
method,  (ii)  to  demonstrate  that  this  method  yields  predictions  in  excellent  agreement 
with  measurements  for  various  properties  in  complex  anion-mixed  nitride  alloys,  and  (iii) 
to  use  this  method  to  predict  and  understand  effects  that  still  remain  to  be  experimentally 
discovered  in  III-V-N  systems. 
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METHODS 


Large  relaxed  sunercells 


To  model  a  zinc-blende  alloy,  we  use  N  x  N  x  N  conventional  cubic  cells,  where  the 
integer  N  can  range  from  4  to  8  —  which  corresponds  to  a  number  of  atoms  varying  from 
512  to  4096.  For  random  solid  solutions,  the  atoms  are  randomly  distributed  on  their 
sublattice  sites,  while  the  atoms  in  ordered  alloys  are  located  as  consistent  with  the 
atomic  ordering. 

The  valence  force  field  (VFF)  approach  [24,25]  is  then  used  to  predict  the  relaxed  atomic 
positions  corresponding  to  the  minimum  strain  energy.  Specifically,  we  use  the  bond¬ 
stretching  (a)  and  bond-bending  (p)  of  Ref.  [26]  for  GaN  (a=96.30  N/m  and  P=  14.80 
N/m)  and  InN  (a=79.20  N/m  and  P=7.10  N/m),  and  of  Ref.  [25]  for  GaAs  (a=41.19  N/m 
and  p=8.95  N/m),  InAs  ((X;=35.18  N/m  and  p=5.50  N/m),  GaP  (a=47.32  N/m  and 
P=10.44  N/m)  and  InP  (a=43.04  N/m  and  p=6.24  N/m)  in  these  VFF  calculations. 
Reference[3]  demonstrates  that  the  VFF  approach  yields  a  good  agreement  with  first- 
principles  results  for  the  internal  atomic  coordinates  of  anion-mixed  nitride  alloys. 


Strain-dependent  empirical  pseudopotentials 

Having  obtained  a  relaxed  configuration  of  a  large,  periodic  unit  cell,  we  compute  its 
band  structure  by  using  the  strain-dependent  empirical  pscudopotential  approach 
proposed  in  Ref.  [10].  The  crystal  potential  V(r)  is  written  as  a  superposition  of  atomic 
pseudopotentials  Vy  (r  ),  where  y=  Ga,  In,  N,  P  or  As  . 

For  the  As,  P  or  N  anions ,  the  Fourier  transform  of  Vy  (r )  is  given  by: 

Vy  (q)  =  [Hyllni  ainy  exp(— b,ny  (q  —  c^y  )  )]  ,  (1) 

where  the  m  integers  range  from  1  to  4. 


For  the  Ga  or  In  cations,  the  analytical  expression  of  Vy  (q)  becomes  more  complicated: 


Vy  (q)  =  Za  [Q  y(A)  amy(A)  exp(-bmy(A)  (q  -  Cniy(A)  f)]  [  n(Y-A)+n(Y-A)  dma(Y(A)) 

Tr(ema) 

+  (  Xn  fmi(Y(A))  +  gmi(Y(A)) )  Ij  Tr(  8mi(Y-Aj) )]  ,  (2) 

where  the  first  sum  runs  over  the  different  kinds  of  anions  (e.g.,  A  =  As,  P  and  N)  nearest 
neighbors  of  the  Ycation  in  the  alloy,  ‘y  (A)’  denotes  a  y  cation  bonding  with  an  anion  A 
and  n{Y-A)  is  the  number  of  type  A  anions  that  arc  nearest  neighbors  of  this  ycation. 
Furthermore,  Tr  denotes  the  trace  operator  and  is  the  macroscopic  strain  induced  by 
an  external  stress,  e.g.,  applying  a  hydrostatic  pressure  P  to  the  alloy  leads  to: 
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Tr(8ma)  =  3  (a(P)-a(P=0))/a(P=0),  where  a(P)  and  a(P=0)  are  the  alloy  lattice  constants 
associated  with  the  pressure  P  and  at  equilibrium,  respectively,  xn  is  the  nitrogen 
composition  in  the  alloy,  and  the  last  sum  runs  over  the  different  j  atoms  of  type  A  which 
are  nearest  neighbors  of  the  y  cation.  8^1(7- Aj)  is  the  microscopic  strain  induced  by 
alloying,  e.g.,  for  an  alloy  at  its  equilibrium  lattice  constant,  we  have: 

Tr(  8n,i(y-Aj) )  =  [  (  I  Rx(y-Aj)  I  -  do(yA)  )  /  do  (yA)]  +  [  (  I  R/y-Aj)  |  -  do(yA)  )  /  do 
(yA)]  +  [  (  I  Rz(y-Aj)  I  -  do(yA)  )/do  (yA)]  , 

(3) 

where  |  Rx(y-Aj  )|  (respectively,  |  Ry(y-Aj)|  and  j  Rz(y-Aj)  | )  is  the  absolute  value  of  the  x- 
(respectively,  y-  and  z-)  component  of  the  vector  position  joining  the  y  atom  to  the  Aj 
anion  in  the  alloy.  do(yA)  is  the  corresponding  equilibrium  Cartesian  component  in  the 
pure  zinc-blende  yA  binary. 

One  can  note  that,  unlike  in  Refs  [3,9,18],  the  contribution  of  both  the  macroscopic  and 
the  microscopic  strain  is  taken  into  account  for  the  generation  of  the  pseudopotentials. 

The  strain-unrelated  parameters  of  Eqs.  (1)  and  (2),  i.e.  the  Qy,  amy,  bmy  and  Cmy 
coefficients,  are  fitted  carefully  to  ah-initio  band  structures  and  to  the  experimental  band- 
gaps  of  the  corresponding  yA  binaries  at  their  equilibrium  lattice  constants  ao  (with  ao 
=8.523,  10.300,  10.6826,  9.4108,  11.0105  and  11.444  Bohr  for  GaN,  GaP,  GaAs,  InN, 
InP  and  InAs,  respectively),  and  are  given  in  Table  I  and  Table  II,  respectively.  Some  of 
these  coefficients  were  already  given  in  Ref.  [3]  and  references  therein. 


Table  I.  Strain-unrelated  empirical  pseudopotentials  parameters  for  the  different  anions. 


Atomy 

Qy  (a.u.)^ 

m 

amY(Ry) 

bmY(a.u.)'‘ 

Cn,Y(a.u.) 

N 

75.0 

1 

-0.22628191 

1.816012550 

0.000000000 

2 

0.02083001 

13.51921051 

2.628521803 

3 

0.23728104 

0.909593411 

1.555913001 

4 

-0.92682699 

0.918842363 

0.851766355 

P 

139.2 

1 

-1.02821000 

0.870327000 

0.000000000 

2 

0.01217600 

5.811450000 

2.400080000 

3 

-0.04943100 

3.186790000 

0.889644000 

4 

0.11769000 

0.470922000 

1.028360000 

As 

145.2 

1 

-1.05821000 

0.959327000 

0.000000000 

2 

-0.00217627 

6.531450000 

2.468080000 

3 

-0.04343120 

2.946790000 

0.851644000 

4 

0.10569000 

0.820922000 

1.224360000 
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Table  II.  Strain-unrelated  empirical  pseudopotentials  parameters  for  the  different  cations. 


Atom  y  (A) 

a.^Ai  (a.u.)^ 

m 

am-AA)  (Ry) 

bmY(A)  (a.u) 

CmvtA)  (a.u.)^ 

Ga(N)  = 

131.4 

1 

-1.24498000 

1.527480000 

0.000000000 

Ga(P)  = 

2 

0.03665200 

0.959082000 

2.097820000 

Ga(As) 

3 

0.04643600 

0.574047000 

2.019350000 

4 

-0.01333800 

11.27080000 

2.935810000 

131.8 

1 

-1.46039000 

2.152539077 

0.000000000 

2 

0.04155672 

0.567806063 

2.455282992 

3 

0.06009332 

0.148458154 

2.251294168 

4 

-0.01593695 

13.75237193 

2.728137391 

ln(P) 

131.4 

1 

-1.45986104 

1.738812400 

0.000000000 

2 

0.05977844 

0.537256952 

1.788116476 

3 

0.04656102 

0.967274227 

2.926947028 

4 

-0.02482974 

3.509813326 

3.447074186 

In(As) 

131.4 

1 

-1.44017756 

1.729912675 

0.000000000 

2 

0.05814899 

0.503547419 

1.790927031 

3 

0.04869021 

1.177591464 

3.265606034 

4 

-0.01632399 

4.001886743 

4.019772670 

The  coefficients  dnia(Y(A))  in  Eq.(2)  are  fitted  to  reproduce  the  local  density 
approximations  (LDA)  deformations  potentials  of  both  the  valence  band  maximum  and 
conduction  band  minimum  of  the  pure  zinc-blende  yA  binary  [27].  On  the  other  hand, 
the  parameters  fmi('Y(A))  and  gmi(7(A))  are  fitted  to  reproduce  alloy  quantities,  namely  the 
experimental  bowing  coefficient  of  Ga(Asi.xN  x)  with  x=0.004  (see  Refs  [4-5]  and 
references  therein),  In(Pi.xNx)  with  x=0.004  [28]  and  (Gai.ylny)N  with  y  =0.1  [29-30],  as 
well  as  the  arsenic-impurity  level  ob.served  in  the  GaN:As  system  [31].  The  parameters 
that  are  strain-related  and  that  enter  Eq(2)  are  given  in  Table  III. 

Table  III.  Strain-related  empirical  pseudopotentials  parameters  for  the  different  cations. 


Cation  y  (A) 

dma 

fmi 

§mi 

Ga(N) 

0.1353 

-0.4233 

0.5817 

Ga(P) 

0.1870 

0.0000 

0.0000 

Ga(As) 

0.1870 

0.0000 

0.0000 

In(N) 

0.1615 

-1.1800 

1.2800 

In(P) 

0.2000 

0.0000 

0.0000 

In(As) 

0.2000 

0.0000 

0.0000 

Plane-wave  expansion  and  folded  spectrum  method 

The  electronic  eigenfunctions  of  the  Hamiltonian  given  by  the  .sum  of  the  kinetic  energy 
and  the  empirical  pscudopotcntials  are  developed  in  a  plane-wave  basis  with  a  kinetic 
energy  cutoff  denoted  by  Gmax-  Due  to  the  large  difference  in  equilibrium  lattice  constant 


12 


between  the  end-member  binaries,  Gmax  is  chosen  to  be  dependent  on  the  volume  of  the 
system  under  investigation.  More  precisely,  Gmax  should  correspond  to  59  plane  waves  at 
the  r  point  per  2-atoms  zinc-blende  cell.  As  a  result,  systems  exhibiting  an  equilibrium 
volume  per  2  atoms  identical  to  the  one  of  pure  GaAs  are  associated  with  a  Gmax  of  5  Ry 
while  the  kinetic  energy  cutoff  is  7.87  Ry  in  compounds  having  the  equilibrium  volume 
per  2  atoms  of  zinc-blende  GaN.  Note  that  the  parameters  displayed  in  Tables  I-III  were 
fitted  using  this  volume-dependent  kinetic  energy  cutoff. 

The  eigenfunctions  and  eigenvalues  of  the  Schrodinger  equation  for  the  large  supercells 
are  determined  by  using  the  so-called  folded  spectrum  method  [32].  This  numerical 
technique  is  a  method  scaling  linearly  with  the  number  of  atoms  in  the  supercell,  and 
producing  single-particle  eigensolutions  in  a  given  energy  window. 

RESULTS 

Accuracy  of  the  strain-dependent  empirical  pseudopotentials 

In  this  section,  we  will  demonstrate  the  accuracy  provided  by  our  numerical  scheme. 
With  the  exception  of  the  band-gap  of  GaAsi.xNx  with  x=0.4%  and  epitaxially  grown  on 
GaAs,  all  the  results  to  be  shown  were  not  included  in  the  fitting  of  the  EPM  parameters. 
The  first  test  is  displayed  in  Table  IV  and  consists  in  comparing  our  calculations  with 
low-temperature  measurements  for  the  band-gaps  of  disordered  Gai.ylnyAsi.xNx 
quaternaries  that  are  perfectly  lattice-matched  to  either  a  GaAs  or  InP  substrate.  Because 
of  this  perfect  lattice-match,  the  microscopic  strain  £mi  is  the  only  strain  turned  on  in  the 
generation  of  the  pseudopotentials  in  Eq.  (2).  Table  IV  indeed  reveals  the  high  accuracy 
offered  by  the  strain-dependent  EPM  described  above.  In  particular,  one  can  notice  that 
the  difference  between  predictions  and  measurements  does  not  exceed  0.03  eV  for  a 
range  of  band-gap  as  large  as  0.9  eV. 

Table  IV.  Comparison  between  our  predictions  and  experiments  for  the  band-gaps  of 
Gai-ylnyAsi-xNx  quaternaries  perfectly  lattice-matched  to  a  GaAs  or  InP  substrate. 


(y,  x)  compositions  of 
Gai.ylnyAsi.xNx 

Theoretical  band-gap 
(eV) 

Experimental  band-gap 
(eV) 

(0.00, 0.000) " 

1.52 

1.52  (Ref.  7) 

(0.07,  0.022) " 

1.18 

1.15  (Ref.  7) 

(0.53,  0.000)  "' 

0.82 

0.82  (Ref.  33) 

(0.56,  0.010)"" 

0.73 

0.70  (Ref.  33) 

(0.59,  0.019)"" 

0.65 

0.65  (Ref.  33) 

The  second  test  is  indicated  in  Fig.  1,  which  displays  the  comparison  between  our 
predictions  and  available  experimental  data  for  the  compositional  behavior  of  the  band- 
gap  of  random  GaAsi-xNx  ternaries  epitaxially  grown  on  a  GaAs  substrate.  In  such  a 
case,  both  the  macroscopic  Emu  and  microscopic  Emi  strains  appearing  in  Eq  (2)  are 
activated  because  of  the  epitaxial  conditions  and  alloying,  respectively.  Figure  1  also 
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shows  the  predictions  of  the  empirical  pseudopotentials  when  all  the  strain -related 
coefficients  of  Table  III  have  been  turned  off.  In  this  figure,  our  calculated  T=0K  band- 
gaps  have  been  shifted  downward,  by  using  the  temperature-dependency  measured  in 
Ref.  [34],  to  compare  our  predictions  with  the  recent  room-temperature  experiments  of 
Refs.  [5,35,36].  Figure  1  reveals  an  excellent  agreement  between  the  present  strain- 
dependent  EPM  theory  and  measurements,  and  clearly  demonstrates  that  the  contribution 
of  both  the  macroscopic  and  the  microscopic  strains  to  the  empirical  pseudopotentials 
drastically  improves  the  accuracy  of  the  calculations  for  anion-mixed  nitrogen  systems. 


0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0 


Niirngen  concentration  ) 


Figure  1.  Comparison  between  our  predictions,  using  empirical  pseudopotentials 
methods  (EPM),  and  experiments  for  the  room-temperature  band-gaps  of  GaAsi-xNx 
alloys  epitaxially  grown  on  a  GaAs  substrate.  Theoretical  error  bars  are  also  indicated. 

The  result  of  the  third  test  is  reported  in  Figure  2,  which  shows  our  predictions  and  a  low- 
temperature  measurement  [7]  for  the  pressure-dependency  of  the  band-gap  in  the  random 
Gai-ylnyAsj-xNx  quaternary,  with  (y,x)=(0.07,  0.0023).  Here,  both  macroscopic  and 
microscopic  strains  are  taken  into  account  in  Eq  (2)  because  of  the  pressure  and  alloying, 
respectively.  The  calculations  are  corrected  by  multiplying  the  pressure-induced  alloy 
band-gap  shift  by  a  constant  number  —  equal  to  1.2885.  This  number  is  fitted  to  exactly 
reproduce  the  experimental  hydrostatic  deformation  potential  in  zinc-blende  GaAs.  Our 
numerical  results  are  once  again  in  good  agreement  with  measurements.  In  particular,  one 
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can  notice  that  the  unusual  non-linear  pressure  behavior  of  the  band-gap  is  rather  well 
reproduced  up  to  60Kbar. 

The  next  step  consists  in  identifying  the  energy  of  the  nitrogen  impurity  level  which  is 
usually  denoted  ai(N)  [9,18,21]  and  which  is  resonant  inside  the  conduction  band  of 
nitrogen-dilute  GaAsi-xNx  alloys.  Such  identification  is  realized  by  interpolating  our 
results  for  one  nitrogen  atom  inside  a  1728  atoms-cell  and  inside  a  4096  atoms-cell. 


Figure  2.  Comparison  between  our  strain-dependent  empirical  pseudopotentials 
calculations  and  the  experiment  of  Ref.  [7]  for  the  pressure-behavior  of  the  band-gap  in 
Gai-ylnyAsi-xNx  quaternaries  with  (y,x)=(0.07,  0.023). 

ai(N)  is  found  to  be  located  250  meV  above  the  (CBM)  Tic  level  (or  equivalently,  36 
meV  below  the  Lie  state)  of  GaAs,  which  is  in  excellent  agreement  with  the  experimental 
estimations  of  300  meV  above  Lie  [37]  and  30  meV  below  Lie  [38],  as  well  as  with  the 
LDA  calculations  of  Ref.  [21]  yielding  280  meV  above  Tie. 

The  last  test  of  this  subsection  is  the  prediction  of  the  energy  of  the  deep-gap  impurity 
level  occurring  when  adding  a  small  amount  of  nitrogen  to  the  Ga(Aso.5Po.5)  alloy.  This 
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energy  is  found  by  linearly  interpolating  up  to  a  null  nitrogen  composition  the  impurity 
levels  predicted  by  our  strain-dependent  EPM  for  a  nitrogen  composition  of  0.001 16  and 
of  0.002.  Such  interpolation  yields  a  nitrogen-impurity  level  located  1 15  meV  below  the 
conduction  band-minimum  of  GaCA.so.-sPo.s)  alloy,  which  is  in  good  agreement  with  the 
experimental  value  of  130  meV  [16]. 

Prediction  of  anomalies  in  anion-mixed  nitride  aHov.s 

The  aim  of  this  section  is  to  review  and  to  provide  an  explanation  for  the  anomalies  that 
were  recently  predicted  to  occur  in  anion-mixed  nitrides,  by  using  the  present  EPM 
[10,14,17],  Most  of  these  anomalies  remain  to  be  experimentally  discovered. 

Predictions  for  (Ga.lnKAs.N)  alloys: 

Ref.  [10]  predicted  that  the  band-gap  of  the  random  Gai.ylUyAsi.xNx  quaternaries  lattice- 
matched  to  a  GaAs  or  InP  substrate  strongly  decreases  when  increasing  the  nitrogen 
composition  (Note  that  this  increase  of  nitrogen  concentration  was  accompanied  by  a 
simultaneous  increase  in  the  indium  composition  in  order  to  keep  a  perfect  lattice-match 
to  the  substrate).  As  a  result,  the  band-gap  of  both  lattice-matched  Gai.ylnyAsi.xNx 
sy.stems  crosses  important  technological  spectral  regions,  namely  the  ones  desired  for 
optoelectonics,  for  solar  cell  applications,  for  designing  new  infrared  devices  and  even 
for  generating  terahertz  wavelengths  [10].  Moreover,  Ref.  [10]  further  indicated  that  the 
band-gaps  of  both  lattice-matched  quaternaries  even  close  for  large  enough  nitrogen 
composition  (namely,  for  x=0.12  for  the  InP-latticc  matched  quaternaries  versus  x=0.20 
for  the  Gai.ylnyAsi.xNx  alloys  lattice  matched  to  GaAs).  In  other  words,  these  strain- 
dependent  EPM  calculations  predict  that  it  is  possible  to  create  a  metallic  system  by 
mixing  four  semiconductors  (namely,  GaAs,  InAs,  GaN  and  InN)!  They  also  demonstrate 
that  the  common  empirical  rule  that  there  is  a  one-by-one  correspondence  between  the 
value  of  the  lattice  constant  and  the  value  of  the  band-gap  in  semiconductors  is 
completely  invalid  in  anion-mixed  nitride  alloys. 

Another  recent  article  focused  on  the  effect  of  alomic  ordering  on  optical  and  electronic 
properties  of  the  GaAs-lattice  matched  Gaj.ylnyAsj.xNx  .solid  solutions  with  a  indium  and 
nitrogen  composition  of  5%  and  1.6%,  respectively  [14].  Three  different  samples  were 
generated.  The  first  configuration  mimicks  the  random  Gao.95Ino.05Aso.984No.01 6  system. 
The  second  .selected  sample  corresponds  to  the  formation  of  one-dimensional  nitrogen 
chains  along  the  [001]  cubic  direction,  such  as  each  nitrogen  atom  has  two  other  nitrogen 
Table  V.  Band-gap  of  differently  atomically-ordered  Gao.95lno.05Aso.984No.oi6  alloys. 


Gao.95Ino.05Aso.984No.oi6  System 

Band-gap  (eV) 

Random 

1.27 

With  nitrogen  chains  formed  along  [100] 

1.33 

With  nitrogen  chains  formed  along  [110] 

1.12 
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atoms  as  second  neighbors  in  the  anion  sublattice.  The  last  chosen  configuration  also 
exhibits  one-dimensional  nitrogen  chains  but  for  which  each  nitrogen  atom  has  now  two 
other  nitrogen  atoms  as  fourth  neighbors  in  the  anion  sublattice.  The  resulting  direction 
of  this  chain  is  thus  along  the  [110]  direction.  This  peculiar  atomic  ordering  was  chosen 
because  the  nitrogen  chains  can  be  perceived  as  a  bridge  between  the  case  of  N-N  pairs  in 
GaAs  and  the  case  of  more  concentrated  nitrogen  alloys.  Moreover,  we  decided  to 
specifically  choose  the  [100]  and  [110]  directions  as  directions  for  the  one-dimensional 
nitrogen  chains  because  the  formation  of  second  neighbor  N-N  pair  in  GaAs  is  known  to 
slightly  increase  the  band-gap  with  respect  to  random  Ga(As,N)  alloys,  while  fourth 
neighbor  N-N  pair  significantly  decreases  that  band-gap  [13].  We  thus  expected  that  the 
one-dimensional  nitrogen  chains  formed  along  the  [100]  direction  may  affect  the 
properties  of  (Ga,In)(As,N)  quaternaries  in  an  opposite  way  (with  respect  to  the  case  of 
the  disordered  alloy)  than  the  [110]  nitrogen  chains.  Table  V  indeed  reports  that  the  band- 
gap  of  the  ordered  material  exhibiting  nitrogen  chains  arranged  along  the  [110]  direction 
is  smaller  (by  0.15  eV)  than  the  band-gap  of  the  random  alloy,  while  the  sample  with 
one-dimensional  nitrogen  chains  formed  along  the  [100]  direction  has  a  band-gap  larger 
by  0.06  eV  than  the  band-gap  of  the  disordered  alloy.  This  variation  of  the  band-gap  with 
atomic  ordering  is  quite  remarkable,  especially  when  realizing  that  the  nitrogen 
composition  of  these  alloys  is  as  small  as  1.6%. 

Another  finding  reported  in  Ref.  [14]  is  the  correlation  between  the  value  of  the  band- 
gaps  displayed  in  Table  V  and  the  wavefunction  localization  of  the  conduction  band- 
minimum  (CBM)  in  these  alloys.  In  the  calculations,  smaller  band-gaps  were  found  to 
correspond  to  stronger  localization  of  the  alloy  CBM  electronic  state  around  the  nitrogen 
atoms. 

A  simple  model  was  further  proposed  in  Ref.  [14]  to  provide  a  qualitative  explanation  for 
the  anomalies  indicated  above.  This  model  is  based  on  the  perturbation  theory  at  the 
second-order  in  energy  (and  equivalently  to  the  first-order  in  wavefunction),  i.e.  one  can 
write  the  CBM  energy  Ecbm  of  the  Gai.ylnyAsi.xNx  alloy  as: 

Ecbm  =  Er,c+  <  Or,c  I  §V  c  >  +  ^  k  ( <^r,c !  SV  /  (Er,c  -  Ek,c) ) ,  (4) 

while  the  alloy  CBM  wavefunction  'Ecbm  is  given  by 


'Ecbm  =  ot  [Or.c  +  S  k  ^k,c  (|<^>r.c  I  6V  |d>k,c >|  /  (Ep,.  -  E^.c) )  ]  ,  (5) 

where  Op.c  (respectively,  Er,c)  and  d>k,c  (respectively,  Ek,c)  are  the  conduction  states 
(respectively,  energies)  of  the  appropriate  nitrogen-lacking  system,  at  F  and  at  off-centers 
k-points,  respectively.  The  nitrogen-lacking  system  is  zinc-blende  GaAs  in  the  case  of 
the  Gaj.ylnyAspxNx  alloys  lattice-matched  to  GaAs  while  it  is  the  Gao.47lBo.53As  alloy 
for  the  InP-lattice-matched  Gai-yInyAsi.xNx  solid  solutions.  Note  that  the  difference  in 
energy  Ep  c  -  Ek,c  is  negative  for  any  off-center  k-points  since  the  CBM  of  both  GaAs  and 
Gao.47Ino.53As  materials  occurs  at  the  F  point.  5V  is  the  difference  of  potentials  between 
the  nitride  quaternaries  and  the  nitrogen-lacking  system,  while  a  is  a  normalization 
coefficient.  Ref.  [14]  proposes  that  the  large  band-gap  redshift  occurring  when  inserting 
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nitrogen  atoms  into  the  Gai.ylnyAs  alloy  is  imputable  to  (at  least)  two  different  effects. 
First,  the  first-order  perturbative  term  in  Eq.  (4)  (i.e.,  the  «I>r.c  |  8V  \Or,c>  element) 
strongly  shifts  the  energy  of  the  alloy  CBM  towards  the  energy  of  the  alloy  valence- 
band-maximum.  We  numerically  found  that  this  first  effect  contributes  60%  of  the 
decrease  of  the  band-gap  of  the  random  Gao.95lno.o5As()  984No.()i6  alloy  with  respect  to  the 
band-gap  of  pure  zinc-blende  GaAs.  Such  a  first-order  term,  which  only  involves  the 
r  point  and  the  nitrogen-induced  change  in  potential,  has  been  overlooked  in  the  previous 
studies,  to  our  knowledge.  The  second  effect  is  derived  from  the  second-order  term  of  Eq 
(4)  and  is  therefore  a  manifestation  of  nitrogen-induced  quantum  coupling  between 
different  electronic  states  of  the  nitrogen-lacking  system.  In  agreement  with  some  recent 
studies  [7,9,21],  the  most  quantitatively  important  quantum  couplings  were  found  to 
occur  between  the  F  and  L-points  and  between  the  F  and  X-points  [10,14].  (Note  that  the 
effects  proposed  in  Refs  [6,9,20,21]  and  involving  nitrogen  impurity  levels  may  also  play 
a  role  in  the  decrease  of  the  band-gap,  especially  for  very  small  nitrogen  concentrations). 
Interestingly,  atomic  ordering  in  Gai.ylnyAsi.xNx  alloys  does  not  affect  the  first-order 
perturbative  term  of  Eq  (4)  but  rather  significantly  changes  the  «I)r,c  |  6V  |cl>k,.  > 
electronic  coupling  elements.  In  particular,  it  was  found  that  some  specific  electronic 
coupling  can  be  turned  on  and  off  wilh  atomic  arrangement.  As  it  can  be  seen  by  looking 
at  Eq.  (5),  the  atomic-ordering  dependency  of  «I>r,c.-  |  SV  >  also  provides  a 
"natural”  explanation  for  the  predicted  change  of  localization  of  the  alloy  CBM  state 
with  nitrogen  atomic  arrangement.  Note  that  a  recent  study  [15],  also  using  the  present 
strain-dependent  empirical  pseudopotential  technique,  demonstrated  that  short-range 
atomic  ordering  in  Ga|.yInyAs|.xNx  affects  the  coupling  between  the  F and  L-points, 
which  is  consistent  with  our  findings. 

Predictions  for  Ga(As.P.N)  alloys: 

GaAso.5-xPo,5-xN2x  alloy  differentiates  itself  from  the  Gai.yInyAsi.xNx  solid  solution  by 
two  main  features.  First  of  all,  it  contains  three  different  anions  rather  than  two,  which 
constitutes  an  additional  computational  difficulty.  Secondly  and  more  importantly, 
inserting  a  very  small  amount  of  nitrogen  into  GaAso.sPo.s  leads  to  a  deep  impurity  level 
located  below  the  conduction  band-minimum  of  GaAso.sPo.s,  i*c-  the  lowest  unoccupied 
state  of  dilute  GaAso.s-xPo.s-xN^x  is  localized  around  the  nitrogen  atoms  [16].  On  the 
other  hand,  the  nitrogen  impurity  level  occurring  in  Gai.yInyAs|.xNx  alloy,  with  very 
small  X,  is  resonant  inside  the  conduction  band  of  Ga^ylnyAs  [16].  The  aim  of  Ref.  [17] 
was  to  follow  and  understand  the  evolution  of  the  character  and  energy  position  of  the 
lowest  unoccupied  state  in  GaAso.5-xPo,5-xN2x  when  incorporating  more  and  more 
nitrogen  atoms.  It  was  found  that  the  evolution  of  this  state  is  highly  unusual.  More 
precisely,  as  nitrogen  is  added,  this  lowest  unoccupied  state  gradually  evolves  from  an 
impurity  localized  level  to  a  delocalized  Bloch-like  .state.  This  evolution  occurs  over  a 
very  narrow  nitrogen  composition  window  centered  around  0.4%.  In  other  words,  adding 
a  very  small  amount  of  nitrogen  drastically  changes  the  character  of  the  lowest 
unoccupied  state  of  GaAso.5-xPo..s-xN2x-  This  change  of  character  is  due  to  two  different 
and  simultaneous  quantum-mechanical  processes.  The  first  process  is  an  anticrossing 
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between  the  nitrogen  impurity  level  existing  in  the  dilute  alloy  limit  (for  which  x  goes  to 
zero)  and  the  r  conduction  state  of  the  nitrogen- lacking  GaAso.sPo.s  system.  The  second 
process  is  a  repulsion  between  the  deep-gap  nitrogen  levels  that  results  in  the  formation 
of  a  nitrogen  suhhand.  One  direct  consequence  of  these  double  processes  is  that  the 
difference  in  energy  between  the  lowest  unoccupied  and  the  highest  occupied  levels  of 
GaAso.5-xPo.5-xN2x  strongly  decreases  when  increasing  the  nitrogen  concentration.  As  a 
matter  of  fact,  incorporating  only  1%  of  nitrogen  into  GaAso.sPo.s  leads  to  a  difference  in 
energy  of  1.8  eV,  i.e.  around  300  meV  smaller  than  the  band-gap  of  GaAso.sPo.s- 

CONCLUSIONS 

This  article  demonstrates  that  many  highly  unusual  properties  of  various  anion-mixed 
nitride  alloys  (including  GaAsi-xNx  ternaries,  Gai.ylnyAsi.xNx  quaternaries  and  systems 
exhibiting  three  different  anions  such  as  GaAso.5-xPo.5-xN2x)  ean  be  accurately  reproduced 
by  using  a  new  strain-dependent  empirical  pseudopotential  method.  The  details  of  the 
construction  of  this  method,  as  well  as  its  parameters,  are  provided  for  the  first  time. 
Finally,  this  new  method  was  used  to  predict  and  understand  other  anomalies,  such  as  (i) 
a  closing  of  the  band-gap  in  Gai-ylnyAsi-xNx  quaternaries  lattice-matched  to  GaAs  or  InP 
substrate,  (ii)  a  drastic  change  of  character  of  the  lowest  unoccupied  state  of  GaAso.s- 
xPo.5-xN2x  and  (iii)  the  strong-dependency  of  anion-mixed  nitrides’  properties  with  the 
nitrogen  atomic  arrangement.  These  anomalies,  which  were  qualitatively  explained  via 
some  simple  quantum  mechanical  effects,  remain  to  be  experimentally  observed. 
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The  Role  of  Nitrogen-Induced  Localization  and  Defects  in  InGaAsN  (~  2%  N): 

Comparison  of  InGaAsN  Grown  by  Molecular  Beam  Epitaxy  and  Metal-Organic 
Chemical  Vapor  Deposition 

Steven  R,  Kurtz,  A.  A.  Allerman,  J.  F.  Klem,  R.  M.  Sieg,  C.  H.  Seager,  and  E.  D.  Jones 
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Abstract 

Nitrogen  vibrational  mode  spectra,  Hall  mobilities,  and  minority  carrier  diffusion 
lengths  are  examined  for  InGaAsN  (~  1 . 1  eV  bandgap)  grown  by  molecular  beam  epitaxy 
(MBE)  and  metal-organic  chemical  vapor  deposition  (MOCVD).  Independent  of  growth 
technique,  annealing  promotes  the  formation  of  In-N  bonding,  and  lateral  carrier  transport  is 
limited  by  large  scale  (»mean  free  path  )  material  inhomogeneities.  Comparing  solar  cell 
quantum  efficiencies  for  devices  grown  by  MBE  and  MOCVD,  we  find  significant  electron 
diffusion  in  the  MBE  material  (reversed  from  the  hole  diffusion  occurring  in  MOCVD 
material),  and  minority  carrier  diffusion  in  InGaAsN  cannot  be  explained  by  a  “universal”, 
nitrogen-related  defect. 

Introduction 

The  quaternary  alloy,  InGaAsN,  is  a  novel  material  system  with  many  important 
potential  device  applications.  Opposite  to  the  trend  based  on  the  respective  bandgaps  of 
GaAs  (1.4  eV)  and  GaN  (3.5  eV),  addition  of  a  small  amount  of  nitrogen  to  GaAs  radically 
lowers  the  bandgap.  ’  Addition  of  indium  to  GaAsN  compensates  the  strain  induced  by 
nitrogen,  and  with  only  3%  nitrogen  incorporation,  one  obtains  an  InxGai-xAsi.yNy  alloy  (x~ 
0.07,  y~0.03)  with  a  1.0  eV  bandgap,  lattice-matched  to  GaAs.  InGaAsN  laser  active  regions 
offer  the  promise  of  longer  wavelength,  >  1.3  pm  optical  transceivers  grown  on  GaAs 
substrates,^’^  or  record  power  efficiencies  (-38%)  would  be  obtained  with  an  1.0  eV, 
InGaAsN  cell  added  in  series  to  proven  InGaP-GaAs  tandem  solar  cells. However,  for 
InGaAsN  alloys  grown  by  metal-organic  chemical  vapor  deposition  (MOCVD)  or  molecular 
beam  epitaxy  (MBE),  photoluminescence  intensity  and  carrier  lifetime  degrade  with 
increasing  nitrogen  concentration,  and  annealing  is  often  required  to  obtain  useful  material.  ’ 
Observation  of  complex  annealing  behavior  in  both  MBE  and  MOCVD  materials  suggests  the 
cause  is  nitrogen-related  defects,  not  atomic  impurities.  In  this  study,  we  examined  the 
defect  and  transport  properties  of  MBE  and  MOCVD-grown  InGaAsN.  This  comparison 
reveals  properties  which  appear  intrinsic  to  InGaAsN  and  other  characteristics  which  are 
unique  to  a  particular  growth  process.  Although  the  minority  carrier  properties  of  MBE  and 
MOCVD-grown  InGaAsN  differed,  comparable  solar  cell  performance  was  obtained  with 
either  growth  process. 

InGaAsN  Growth 

Ino.o7Gao.93Aso,98No.o2  (1.1  eV  bandgap)  was  grown  by  MBE  at  a  temperature  of 
approximately  430°C.  Nitrogen  was  supplied  by  a  radio-frequency  plasma  source,  while  the 
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remainder  of  the  constituent  elements  were  evaporated  from  conventional  solid  sources.  Ex- 
situ,  post-growth  annealing  of  this  material  at  900®C  for  10  sec  improved  the 
photoluminescence  efficiency  and  subsequent  device  performance.  The  MBE  material  was 
unintentionally  doped,  p-type  (mid-lO'^  /cm^).  N-type  materia!  was  obtained  with  Si  doping. 

MOCVD  samples  were  grown  using  trimethylindium,  trimethylgallium,  100%  arsine, 
and  dimethylhydrazine  sources.  N-type  material  was  achieved  using  tetraethyltin  doping. 
MOCVD  samples  were  annealed  at  650°C  for  30  minutes.  For  both  MBE  and  MOC  VD- 
grown  InGaAsN,  photoluminescence  intensity  increased  ~10x  upon  annealing  undoped 
material.  Overall,  photoluminescence  of  the  MBE  material  displayed  characteristics  similar 
to  those  we  have  observed  for  MOCVD  samples.^  However,  the  bandgap  of  the  MBE 
material,  observed  through  photoluminescence  or  absorption,  increased  approximately  20 
meV  due  to  incremental  nitrogen  loss  during  annealing. 

Nitrogen  Local-Vibrational  -Mode  Spectroscopy 

Looking  for  a  mechanism  to  explain  annealing  behavior,  we  examined  nitrogen- 
related  local-vibration-modes  (LVMs).  Fourier  transform  infrared  transmission  spectra  are 
shown  for  an  annealed  and  as-grown,  undoped  InGaAsN  (1.1  eV)  sample  grown  by  MBE 
(Figure  1).  Prior  to  annealing,  a  single  LVM  line  is  observed  at  468  cm’’  which  corresponds 
to  the  Ga-N  mode  at  470  cm'*  reported  for  GaAsiN.*^  No  evidence  for  In-N  bonds  was 
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Figure  1.  Infrared  transmission  spectra  for  an  MBE-grown,  0.6  pm  thick 
Ino.07Gao.93Aso.98No.02  sample  as-grown  (dashed  )  and  ex-situ  annealed  (solid)  at  900"C  for  10 
sec. 
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observed  prior  to  annealing.  Annealing  produced  In-N  bonds,  and  three  LVMs  were  observed 
at  457, 489,  and  515  cm'^  With  the  larger  mass  of  the  indium  atom,  the  line  at  457  cm’^ 
corresponds  to  an  In-N  stretch,  and  the  Ga-N  stretch  is  shifted  to  489  cm'^  in  a  GasInN 
cluster.^  Origin  of  the  515  cm  ’  line  is  highly  speculative.  Similar  behavior  was  reported  by 
Sarah  Kurtz  et  al.  in  MOCVD-grown  (@  550'’C)  InGaAsN  samples  with  lower  nitrogen 
content  (0.2  %)?  They  still  observed  a  Ga-N,  470  cm’’,  peak  after  annealing  at  700®C  for  30 
minutes,  whereas  in  our  MBE  samples  that  peak  disappeared  after  annealing  which  indicates 
that  almost  100%  of  the  nitrogen  atoms  formed  In-N  bonds.  In-N  pairing  minimizes  strain 
energy  in  the  GaAs-like  lattice.  Our  infrared  studies  of  MOCVD-grown  InGaAsN  (2%  N, 
600"C  growth)  were  inconclusive  due  to  broadened  and  distorted  (“Fano”)  LVM  lineshapes. 

Majority  Carrier  Transport  and  Localization 

We  examined  the  effect  of  these  annealing-induced  structural  changes  on  Hall 
transport.  Of  particular  interest,  strong  random  alloy  fluctuations  in  the  InGaAsN  conduction 
band  may  result  in  electron  localization.’^  Hall  mobility  measurements  were  made  on  a  series 
of  compensated  MOCVD-grown  samples  with  nominally  the  same  composition  ,1.6- 1,9%  N. 
N-type  (Sn)  doping  levels  were  varied  in  this  series  to  range  from  as-grown  p-type  to  n- 
type,mid- lO’ Vcm^.  At  300  K  and  high  carrier  densities,  the  electron  mobility  curves  in  Fig. 
2(a)  converge  to  ~  300  cm^A^  s.  Hole  mobilities  (Fig.  2(b))  at  300  K  ranged  even  lower,  60- 
90  cm^A^  s.  Hall  mobility  and  carrier  concentration  temperature  dependence  are  shown  in 
Figure  3  for  a  single,  n-type  MBE-grown  sample  with  nominally  the  same  composition.  As 
before,  the  highest  mobility  for  the  MBE  material  was  ~300  cm^A^  s,  consistent  with  the  limit 
imposed  by  alloy  scattering  at  this  nitrogen  concentration. 


Figure  2.  Hall  mobility  versus  temperature  for  a  series  of  n  (a)  and  p-type  (b),  MOCVD- 
InGaAsN  samples  doped  at  different  levels. 
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Figure  3.  Temperature  dependence  of  Hal!  mobilities  (solid  symbol)  and  carrier 
concentrations  (open  symbol)  for  an  MBE-grown,  n-type  Ino.07Gao.93Aso.9HNo.02  sample  as- 
grown  (dashed  line)  and  ex-situ  annealed  (solid  line)  at  900“C  for  10  sec. 


Hall  data  for  the  n-type,  annealed  MBE-grown  InGaAsN  (Fig.  3)  were  very  close  to 
those  for  annealed  MOCVD  material  (Fig  2(a)).  Electron  mobilities  (Fig.  2(a))  were 
thermally  activated  near  300  K  and  became  weakly  temperature  dependent  at  low 
temperatures  These  activation  energies  increase  with  decreasing  electron  concentration  (Fig. 
2(a)).  Based  on  limited  data,  we  find  that  hole  mobilities  (Fig.  2(b))  were  qualitatively  similar 
to  those  observed  for  the  electrons.  For  both  electrons  and  holes,  the  carrier  concentration 
was  only  weakly  temperature  dependent.  Overall,  the  Hall  data  for  annealed  InGaAsN  were 
inconsistent  with  an  electron  mobility-edge  because:  1)  Our  Hall  mobilities,  not  carrier 
concentrations,  were  thermally  activated;  2)  Holes  displayed  similar  behavior  to  electrons; 
and  3)  Low  temperature  mobility  values  were  large  for  variable-range  hopping. Instead,  we 
believe  that  InGaAsN  carrier  transport  is  modulated  by  large  scale  (i.e.  »  mean  free  path) 
inhomogeneities,  forming  potential  barriers.  Consistent  with  our  data,  the  Hall  mobility  is 
thermally  activated  in  such  inhomogeneous  materials,'^  and  Hall  data  for  polycrystalline  Si 
are  similar  to  our  InGaAsN  results.*^  Our  results  indicate  that  increased  doping  (i.e. 
increasing  the  Fermi  energy)  lowers  the  InGaAsN  electron  barriers,  suggesting 
inhomogeneities  in  N  concentration  (<  1%)  produce  the  barriers.  Contrary  to  reports  of  a 
random  N  distribution  occurring  in  strained,  GaAsN  (2%  N)  quantum  wells, scanning 
tunneling  microscope  images  of  our  MOCVD-InGaAsN  revealed  N  clustering  and  lateral 
non-uniformities 

In  the  unannealed,  as-grown  MBE  Hall  sample  (Fig.  3),  we  observed  strong  thermal 
activation  of  both  mobility  and  carrier  concentration.  An  activated  carrier  concentration 
suggests  a  trap-modulated  mobility  with  a  mobility  edge.  We  associate  the  localization  in  as- 
grown  MBE  InGaAsN  with  structural  disorder  resulting  from  the  lower  temperature  MBE 
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growth.  Perhaps  defects  inferred  from  LVM  spectra  or  excess  nitrogen^^  produce  localization 
observed  in  InGaAsN  grown  at  lower  temperature. 

Minority  Carrier  Diffusion  and  Solar  Cells 

Minority  carrier  devices  are  very  sensitive  to  localization  and  trapping.  To  examine 
the  effect  of  nitrogen-related  defects  on  electron  and  hole  diffiision  lengths,  we  compared 
structurally  similar  solar  cells,  grown  by  MOCVD  or  MBE.  Our  non-optimized,  test-cell 
consisted  of  a  thick  (1  pm)  InGaAsN  base  and  a  thin  (0.1-0.3  pm),  heavily  doped  (mid-lO'^ 
/cm^ )  InGaAsN  emitter.  Minority  carrier  diffusion  lengths  were  determined  from  internal 
quantum  efficiency  (IQE)  measurements  performed  on  n-on-p  and  p-on-n  solar  cells.  From 
the  capacitance-voltage,  InGaN  optical  absorption,  and  IQE  spectral  data,  minority  carrier 
diffusion  lengths  were  determined  from  device  simulations  using  the  program,  PC- ID. 


Photon  Energy  (eV) 

Figure  4.  Spectral  response  of  two  MOCVD-InGaAsN  cells  with  different  alloy 
compositions  (1%  and  2%  N).  Cell  simulations  (dashed  lines)  and  respective  electron  (Ln) 
and  hole  (Lp)  minority  carrier  diffusion  lengths  are  indicated  in  the  figure. 

IQE  experimental  results  and  device  simulations  for  MOCVD-grown  p-on-n, 
InGaAsN  solar  cells  with  1.0  eV  and  1.1  eVbandgap  InGaAsN  (2.1%  and  1.1%  N, 
respectively)  are  shown  in  Figure  4.  In  the  emitter  of  the  1 .0  eV  InGaAsN  cell,  electrons 
were  localized,  with  a  diffusion  length  ~  10'^  pm,  and  in  the  1.1  eV  InGaAsN  emitter, 
electron  diffusion  had  increased  to  0.2  pm.  In  both  cells,  a  hole  diffusion  length  of  ==  1  pm 
was  obtained  for  the  base  layer.  Open  circuit  voltages,  at  air-mass  0,  for  the  1.0  eV  and  1.1 
eV  cells  were  0.41  and  0.50  V,  respectively.  IQEs  for  the  companion,  n-on-p  cells  were  low 
(<30%).  Clearly,  poor  electron  diffusion  limited  MOCVD-InGaAsN  device  performance. 

IQE  data  and  simulations  for  MBE-grown,  thick  p-base  (n-on-p)  and  thick  n-base  (p- 
on-n)  are  shown  in  Figure  5.  Clearly,  the  thick  p-base  devices  have  higher  IQEs  indicating 
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that  the  minority  carrier,  electron  diffusion  length  was  greater  than  that  of  the  holes  in  the 
MBE-InGaAsN.  Self-consistent  fits  of  the  cell  IQEs  were  obtained  with  electron  and  hole 
difhision  lengths  of  0.5  and  0.03  respectively,  in  ex-situ  annealed  MBE  material.  The 
air-mass-0,  open  circuit  voltage  of  the  annealed,  thick  p-base  MBE  cell  in  Fig.  5  was  0.43  V. 
Overall,  the  IQEs  and  open  circuit  voltages  of  thick  p-base  MBE  and  thick  n-base  MOCVD 
solar  cells  were  roughly  comparable. 


MBE  InGaAsN  Solar  Cells 


(dashed  lines)  and  respective  electron  (Ln )  and  hole  (Lp )  minority  carrier  diffusion  lengths 
are  indicated  for  each  cell. 

Surprisingly,  the  diffusion  lengths  for  annealed  MBE  material  were  reversed  from 
those  we  reported  for  MOCVD-grown  InGaAsN  (0.01  micron  for  electrons  and  0.9  micron 
for  holes).  Although  we  have  presented  evidence  of  point-  defects  and  inhomogeneities 
common  to  MBE  and  MOCVD  materials,  this  variation  of  minority  carrier  properties 
indicates  that  there  are  yet  other  traps  associated  with  each  specific  growth  process. 

Summary 

Our  brief  study  of  the  properties  of  MBE-grown  InGaAsN  (~  1 .1  eV  bandgap ) 
revealed  many  similarities  to  MOCVD  material.  Overall,  the  radiative  efficiencies.  Hall 
mobilities,  device  performance,  and  annealing  behavior  for  MBE  and  MOCVD-grown 
InGaAsN  were  roughly  comparable.  We  found  evidence  that  annealing  promotes  the 
formation  of  In-N  bonding  like  that  reported  for  MOCVD  material  with  lower  nitrogen, 
content.  Annealed  n-type,  MBE-grown  InGaAsN  displayed  a  Hall  mobility  temperature 
dependence  like  that  observed  for  MOCVD-grown  material.  We  attribute  the  Hall  mobility 
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temperature  dependence  to  the  presence  large-scale  inhomogeneities,  or  barriers,  limiting 
transport.  The  maximum  electron  mobility  was  consistent  with  the  limit  imposed  by  alloy 
scattering,  but  there  was  no  evidence  of  alloy-fluctuation-induced-localization.  However, 
some  transport  properties  were  unique  to  a  particular  growth  process.  MBE  samples  grown  at 
lower  temperature  displayed  a  strongly  thermally  activated  mobility  and  carrier  concentration 
only  prior  to  annealing,  suggesting  trap-modulated  transport.  In  annealed  MBE-grown  solar 
cells  electron  diffusion  was  dominant  (electron  and  hole  diffusion  lengths  of  0.5  pm  and  0.03 
pm,  respectively),  whereas  in  MOCVD  devices  the  minority  carrier  diffusion  lengths  were 
reversed  with  holes  dominating.  In  summary,  a  comparison  of  MBE  and  MOCVD  material 
revealed  common,  intrinsic  point-defects  and  inhomogeneities  in  InGaAsN,  but  minority 
carrier  properties  of  InGaAsN  remain  unexplained  by  “universal”  defect  models. 
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ABSTRACT 


The  incorporation  of  a  high  percentage  of  nitrogen  in  the  GaAs  lattice  has  been  the  subject 
of  recent  interest  to  reduce  the  bandgap  while  maintaining  the  nearly  lattice  matched  condition  to 
GaAs.  We  will  report  on  the  metalorganic  chemical  vapor  deposition  (MOCVD)  of  GaAsN 
using  trimethylgallium  (TMG),  tertiarybutylarsine  (TBA)  and  dimethylhydrazine  (DMHy) 
organometallic  sources  in  a  hydrogen-free  carrier  gas,  A  nitrogen  concentration  as  high  as  ~8% 
in  GaAsN  was  achieved.  The  effect  of  nitrogen  concentration  on  the  structural,  optical  and 
surface  properties  of  GaAsN  films  will  be  discussed. 


INTRODUCTION 


Recently,  the  InxGai-xAsi-yNy  material  system  has  gained  attention  for  use  in  optoelectronic 
devices  [1,2,3].  The  In  and  N  mole  fractions  in  this  quaternary  system  can  be  chosen  to  maintain 
a  lattice  matching  condition  to  GaAs  while  achieving  a  ~leV  bandgap,  which  is  of  interest  for 
increasing  the  efficiency  of  tandem  solar  cells  by  using  InxGai-xAsi-yNy  as  the  third  layer  in  a 
standard  GaAs/Gao.sIuo.sP  tandem  solar  cell  [4].  The  InxGai-xAsi-yNy  system  is  also  becoming  a 
primary  material  system  for  long  wavelength  laser  diodes  with  excellent  high  temperature 
performance.  However,  only  small  nitrogen  concentrations  have  been  achieved  by  metalorganic 
chemical  vapor  deposition  (MOCVD)  of  these  materials  due  to  the  large  miscibility  gap.  Several 
growth  approaches  have  been  applied  to  improve  the  nitrogen  incorporation  in  this  material 
system.  High  nitrogen  content  has  been  reported  by  using  gas-source  molecular  beam  epitaxy 
(GSMBE)  in  which  radio  frequency  energy  is  used  to  generate  active  N  species  from  an  N2 
source  [5].  Increases  in  N  incorporation  were  achieved  using  dimethylhydrazine  (DMHy)  and 
replacing  AsHs  with  tertiarybutylarsine  (TBA).  The  lower  eracking  temperature  of  the  column  V 
organometallic  sources  DMHy  and  TBA  allows  lower  temperature  growth  of  GaAsN  that  can 
lead  to  higher  nitrogen  content  [6].  The  majority  of  research  detailing  the  MOCVD  growth  of 
GaAsi-yNy  indicates  the  use  of  H2  as  the  carrier  gas,  with  nitrogen  content  as  high  as  5.6% 
reported  [7].  In  this  work  we  will  report  that  by  substituting  N2  for  H2  as  the  carrier  gas,  nitrogen 
content  in  GaAsN  as  high  as  8%  can  be  achieved. 
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EXPERIMENTAL  DETAILS 


AH  materials  were  grown  by  MOCVD  in  a  commercial  Thomas  Swan  system  equipped  with 
a  horizontal  fused  silica  research  reactor  at  pressures  ranging  from  700  torr  to  I  atmosphere. 
Trimethylgallium  (TMG)  was  used  as  the  column  III  precursor,  while  TEA  and  DMHy  were 
used  as  column  V  precursors.  Column  V  organometallic  sources  were  chosen  not  only  for  safety 
concerns,  but  also  to  lake  advantage  of  their  lower  cracking  temperatures,  which  for  the  case  of 
III-A.S-N  related  compounds,  has  been  shown  to  result  in  enhanced  nitrogen  incorporation  [8J. 
Ultra-high  purity  grade  (99.999%)  N2  and  H2  were  further  purified  with  a  resin-based  scrubber 
and  used  as  carrier  gases  with  H2  being  varied  from  0%  to  67%  of  the  total  carrier  gas  flow. 
Semi-insulating  GaAs  substrates  T  off  (100)  toward  [1 10]  were  solvent  cleaned  and  then  etched 
in  a  7:1:1  solution  of  H2SO4,  deionized  water,  and  H2O2.  After  loading  in  the  growth  chamber, 
samples  were  cleaned  for  5  minutes  at  650°  C  under  a  TEA  flux  to  desorb  remaining  surface 
contaminants.  Typical  growth  temperatures  ranged  from  575°C  to  650°C  while  the  reactor 
pressure  was  always  maintained  at  700  torr.  All  sample  temperature  values  refer  to  the  reading 
taken  from  a  K-type  thermocouple  in.serted  via  a  1/4"  quartz  tube  into  the  graphite  susceptor. 

The  actual  sample  temperature  may  not  coincide  exactly  with  that  indicated  by  the  thermocouple. 
The  V/III  ratio  was  13  and  the  DMHy/(DMHy-i-TEA)  ratio  was  0.88  for  all  samples.  GaAsN 
layers  are  nominally  ~lpm  thick  with  a  ~70nm  GaAs  cap  and  were  annealed  in  situ  for  15 
minutes  at  675°C  under  N2  at  700  torr  immediately  following  deposition. 

Alloy  compositions  were  determined  by  examining  the  .splitting  between  the  (004)  reflection 
peaks  of  GaAs  and  GaAsi-yNy  layers  as  determined  from  double-cry.stal  x-ray  diffraction 
(DCXRD)  data.  All  GaAsi.yNy  layers  were  of  sufficient  thickness  to  be  relaxed  and  the  N 
content  in  the  layers  was  determined  by  applying  Vegard's  Law  using  GaAs  (a  =  5.65  A)  and 
cubic  GaN  (a  ==  4.52  A)  as  the  binary  end  members.  PL  measurements  were  made  at  77  K  by 
mounting  samples  to  a  liquid  nitrogen-cooled  Cu  plug  with  Crycon  grease.  The  514  nm  line  of 
an  Ar  ion  laser  was  u.sed  to  excite  the  PL  signal,  which  was  collimated,  focused  and  disp>ersed 
through  a  1/2  m  monochromator  and  detected  by  a  cooled  photomultiplier  tube.  The  nitrogen 
content  measured  for  samples  grown  with  H2  as  a  large  fraction  of  the  carrier  gas  agrees  well 
with  nitrogen  content  reported  in  the  literature  for  GaAsN  samples  grown  under  similar 
conditions.  However,  by  increasing  the  ratio  of  N2  to  H2,  the  amount  of  nitrogen  incorporated 
into  the  film  increased.  The  total  flow  through  the  reactor  was  always  held  constant,  i.e.,  as  the 
H2  flow  was  reduced,  the  N2  flow  was  increased  to  balance  the  flow. 


DISCUSSION 


Figure  1  illustrates  the  importance  of  two  fundamental  parameters,  growth  temperature  and 
the  presence  of  H2  in  the  carrier  gas,  which  influence  the  incorporation  of  nitrogen  in  GaAsN. 
Two  sets  of  samples  are  shown  here,  one  set  (solid  circles)  grown  with  50%  H2/50%  N2  as  the 
carrier  gas  and  the  second  set  (solid  squares)  grown  with  no  H2  in  the  carrier  gas  (i.e.,  100%  N2). 
We  attribute  the  scatter  in  the  data  to  several  factors  including  some  nonuniformity  of  nitrogen 
content  due  to  lack  of  substrate  rotation,  organometallic  depletion  effects,  and  small  run-to-run 
substrate  temperature  differences  that  can  arise  from  variability  of  thermocouple  placement.  The 
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highest  nitrogen  content  was  achieved  at  the  lowest  growth  temperature  and  with  a  carrier  gas  of 
100%  N2.  Efforts  to  further  reduce  the  growth  temperature  to  increase  the  nitrogen  content 
resulted  in  very  poor  films  without  a  clear  defined  DCXRD  peak.  Samples  grown  with  100%  N2 
exhibit  a  similar  temperature  dependence  for  nitrogen  incorporation  as  for  those  samples  grown 
with  50%  H2/50%  N2,  but  also  consistently  show  overall  higher  levels  of  nitrogen  incorporation 
in  the  alloy. 

Figure  2  shows  the  deterioration  of  surface  morphology  with  increasing  nitrogen  content 
from  2.1  to  8.1%.  The  images  are  taken  from  an  optical  microscope  at  40X  magnification.  All 
layers  are  sufficiently  thick  to  be  considered  relaxed.  The  surface  morphology  for  the  GaAsN 
film  with  2%  nitrogen  is  essentially  specular,  while  the  surface  takes  on  a  cross  hatched 
appearance  for  the  sample  with  4,9%  nitrogen  content.  At  8.1%  nitrogen  content  in  GaAsN,  the 
surface  morphology  has  degraded  significantly  and  becomes  extremely  rough. 


Growth  Temperature  (°C) 

Figure  1.  Percent  nitrogen  incorporation  in  thick  GaAsN  films  vs.  growth  temperature  (®C)  for 
50%  H2  in  the  carrier  gas  (•),  and  0%  H2  (i.e.,  N2  only)  in  the  carrier  gas  (■). 
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(a)  (b)  (c) 

Figure  2.  Variation  of  surface  morphology  for  thick  GaAsN  films  with  (a)  2.1,  (b)  4.9,  and  (c) 

8.1%  nitrogen  content. 


Figure  3  shows  77K  PL  data  for  several  GaAsN  films,  all  grown  at  625  °C,  whose  nitrogen 
content  has  essentially  been  determined  by  the  percent  H2  in  the  carrier  gas  at  this  constant 
growth  temperature  during  the  growth  process.  The  percent  nitrogen  incorporation  in  the  films  is 
2.7,  3.5,  and  5.0%  grown  with  50,  40,  and  25%  H2  in  the  carrier  gas  respectively.  The  77K  PL 
data  indicates  a  bandgap  red  shift  from  -1.37  to  -1.23  eV.  Interpretation  of  the  PL  spectrum  and 
determination  of  the  bandgap  from  PL  measurements  is  more  difficult  for  films  with  higher 
nitrogen  content  as  the  PL  signal  weakens  and  broadens  with  increasing  nitrogen  incorporation. 
The  relatively  poor  EXTXRD  and  PL  data  for  GaAsj.yNy  films  with  high  values  of  y  can  be  the 
result  of  the  deteriorated  film  quality,  both  optical  and  structural,  with  increasing  nitrogen 
content  in  these  metastable  alloys.  This  is  coupled  with  an  increasing  lattice  mismatch  between 
these  relaxed  GaAsN  films  and  the  GaAs  substrate.  The  PL  data  and  the  deduced  bandgap  from 
this  study  indicate  higher  values  of  bandgap  compared  with  other  published  data  for  strained 
films.  This  is  due  to  the  fact  that  PL  is  carried  out  at  77K  and  that  the  films  in  this  study  are 
thick  and  relaxed. 


•500  0500  10500  11500 


Figure  3.  77K  PL  for  GaAsN  films  grown  at  625  °C  with  nitrogen  concentrations  of  2.7,  3.5, 
and  5.0%  grown  with  50,  40,  and  25%  H2  in  the  carrier  gas  respectively. 
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Figure  4  displays  a  plot  of  77K  bandgap  determined  from  the  PL  peak  emission  of  GaAsN 
for  films  grown  at  600  °C.  Over  the  composition  range  from  ~3.5  to  ~6%  nitrogen  a  fairly  linear 
relationship  is  indicated.  Some  discrepancy  may  exist  between  these  values  and  other  values 
reported  in  the  literature  due  to  the  fact  that  these  films  are  relatively  thick  and  relaxed. 


3S%  4.0%  4.5%  S.0%  5.5%  0.0% 

%  Nitrogen  in  GaAsN 

Figure  4.  77K  bandgap  vs.  %  Nitrogen  content  for  thick  GaAsN  films 


CONCLUSIONS 


In  conclusion,  hydrogen  has  been  shown  to  reduce  the  incorporation  of  nitrogen  in  GaAsN 
when  present  in  the  growth  ambient  during  MOCVD.  GaAsN  films  grown  without  H2  in  the 
growth  ambient  have  exhibited  N  concentrations  as  high  as  8.1  %.  Variations  in  the  nitrogen 
content  in  GaAsN  as  much  as  several  percent  have  been  measured  when  H2  is  used  in  the 
ambient  in  controlled  amounts.  A  red  shift  and  broadening  of  the  PL  is  seen  as  the  nitrogen 
content  in  these  GaAsN  films  increases.  The  nature  of  the  reduction  of  N  in  GaAsN  in  the 
presence  of  H2  may  include  thermal  and/or  site-blocking  effects. 
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ABSTRACT 

(In)GaAsN  based  heterostructures  have  been  found  to  be  promising  candidates  for  the 
active  region  of  1.3  micron  VCSELs.  However,  (In)GaAsN  bulk  layers  and  quantum  wells 
usually  demonstrate  lower  photoluminescence  intensity  than  their  nitrogen-free  analogues. 
Defects  associated  with  lower  temperature  growth  and  N-related  defects  due  to  plasma  cell 
operation  and  possible  nonuniform  distribution  of  nitrogen  enhance  the  non-radiative 
recombination  in  N-contained  layers.  We  studied  the  photoluminescence  intensity  of  GaAsN 
layers  as  a  function  of  N  content  in  MBE  grown  samples  using  rf-plasma  source.  Increasing  the 
growth  temperature  to  as  high  as  520  ''C  in  combination  with  the  increase  in  the  growth  rate 
allowed  us  to  avoid  any  N-related  defects  up  to  1.5%  of  nitrogen.  Low-temperature-growth 
defects  can  be  removed  by  post-growth  annealing.  We  achieved  the  same  radiative  efficiency  of 
GaAsN  samples  grown  at  520  "C  with  that  of  reference  layer  of  GaAs  grown  at  600^0. 
Compositional  fluctuations  in  GaAsN  layers  lead  to  characteristic  S-shape  of  temperature 
dependence  of  photoluminescence  peak  position  and  this  feature  is  the  more  pronounced  the 
higher  the  amount  of  nitrogen  in  GaAsN.  Annealing  reduces  compositional  fluctuations  in 
addition  to  the  increase  in  the  photoluminescence  intensity.  The  results  obtained  are  important 
for  further  improving  the  characteristics  of  InGaAsN  lasers  emitting  at  1.3  micron. 

INTRODUCTION 

Group-in  nitride  semiconductors  are  an  area  of  great  current  interest  for  the  development 
of  lasers  and  light  emitting  diodes  emitting  in  the  visible  to  blue  and  UV  ranges.  On  the  other 
hand,  addition  of  a  small  amount  of  nitrogen  to  GaAs  can  drastically  reduce  the  band  gap 
towards  the  infrared  region  [1].  This  is  due  to  the  strong  bowing  of  the  energy  gap  in  the  GaAs- 
GaN  system  [2].  The  large  lattice  mismatch  between  GaAs  and  GaN  (about  21%)  limits  the 
composition  range  of  GaAsN  pseudomorphically  grown  on  GaAs  to  only  a  few  percent.  The 
addition  of  In  to  GaAsN  can  lead  to  strain  compensation,  and  a  further  decrease  in  the  band  gap 
of  the  quaternary  solid  solution  can  be  obtained  [3].  However,  the  growth  of  InGaAsN  layers  and 
quantum  well  structures  of  device  quality  appears  to  be  a  challenge  even  when  the  amount  of 
nitrogen  is  less  than  3  percent  [4].  This  is  usually  enough  to  achieve  emission  at  1.3  micron, 
which  is  the  goal  for  applications  in  fiber  optic  communication  systems.  1.3  micron  edge- 
emitting  lasers  and  VCSELs  have  been  recently  demonstrated  by  several  research  groups  [5-8], 
however,  the  device  characteristics  are  still  basically  inferior  to  those  based  on  InGaAsP  and  are 
to  be  further  improved.  The  advantage  of  the  GaAs/InGaAsN  system  for  laser  applications  is  the 
use  of  well-  developed  AlGaAs/GaAs  GRINSCH  design  where  only  active  region  is  replaced  on 
pseudomorphically  grown  InGaAsN/GaAs  quantum  wells.  Therefore,  to  improve  laser 
performance,  one  has  to  improve  the  quality  of  the  nitrogen  containing  active  region.  It  has  been 
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shown  previously  that  the  nitrogen  concentration,  growth  temperature  and  post-growth  annealing 
affect  the  radiation  efficiency  of  GaAsN.  In  addition,  the  specific  source  of  nitrogen  installed  in 
the  growth  chamber  can  play  a  role,  since,  e.g.,  ions  coming  from  a  radio-frequency  plasma 
source  can  damage  the  growth  surface  leading  to  the  formation  of  additional  defects.  In  the 
present  work  we  show  that  the  optimization  of  the  growth  regimes  allows  us  to  achieve  the 
luminescence  efficiency  of  GaAsi-xNx  very  close  to  that  of  GaAs  up  to  x=0.015.  We  also  study  in 
detail  the  luminescence  properties  of  our  GaAsN  epilayers  and  we  argue  that  the  S-shape  of  the 
peak  position  vs  temperature  dependence  frequently  observed  for  InGaAsN/GaAs 
heterostructures  can  be  considered  as  the  figure  of  merit  of  uniformity  of  nitrogen  distribution. 

EXPERIMENT 

The  samples  under  investigation  were  grown  in  a  Riber  Epineat  apparatus  with  solid  cells 
for  group  III  elements  and  arsenic  and  UNI  Bulb  RF  Plasma  Source  (Applied  EPI)  for  nitrogen. 
The  0.2-pm-thick  layer  (GaAsN  or  GaAs)  was  sandwiched  by  AlGaAs/GaAs  superlattices.  This 
design  prevents  the  leakage  of  non-equilibrium  carriers  from  active  layer  towards  the  substrate 
and  the  surface  and  allows  us  to  have  the  same  effective  pumping  for  photoluminescence  (PL) 
studies.  The  nitrogen  composition  of  the  samples  was  evaluated  by  x-ray  diffraction.  Room 
temperature  PL  measurements  were  carried  out  using  a  frequency  doubled  YAG:Nd  laser 
(^532  nm).  Temperature  and  excitation  density  dependences  of  PL  were  recorded  under  Ar+ 
laser  excitation  (A-=514.5  nm).  Absorption  spectra 
measurements. 

RESULTS  AND  DISCUSSION 
Effect  of  2rowth  temperature  and  growth  rate 

In  agreement  with  the  other  published  data  and 
calculations  [9]  we  have  found  that  the  sticking 
coefficient  of  nitrogen  is  temperature  independent 
over  the  range  of  400-530  X  and  decreases  at 
higher  temperatures.  Therefore,  we  used  the  same  E 
characteristics  of  RF  plasma  source  in  this 
temperature  interval  to  have  equal  nitrogen  content 
for  GaAsN  provided  the  growth  rate  was  fixed.  At  ^ 
growth  temperatures  below  550  *’C  the  2x4  § 
reconstruction  of  the  pattern  of  reflection  high-  g 
energy  electron  diffraction  (RHEED)  was  observed  O 
both  for  GaAs  and  GaAsN.  However,  when  the 
substrate  temperature  was  higher  than  550  "C,  a  3x3 
RHEED  pattern  was  observed  for  the  GaAsN 
growth.  It  was  shown  that  such  RHEED  pattern 
corresponds  to  the  formation  of  N-rich  surface  [10]. 

Fig.  1 .  Growth  temperature  —  growth  rate 

Points  indicate  samples  grown  at  given  growth  rate  andjemperature. 

RHEED  pattern  pictures  were  taken  in  the  [  1  1  0]  azimuth. 


were  extracted  from  transmission 


the  predictions  of  our  thermodynamic 
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phase  diagram  for  the  GaAsN  growth. 
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the  growth  rate.  When  the  growth  rate  gets  lower  than  a  certain  value  the  growth  changes  from 
two-dimensional  to  three-dimensional.  We  observed  a  steep  deterioration  of  optical  and 
structural  properties  along  with  this  transition.  The  value  of  minimum  growth  rate  depends  on 
the  growth  temperature.  These  data  are  presented  in  Fig.  1  as  a  growth  temperature  vs  growth 
rate  phase  diagram.  The  upper  region  corresponds  to  normal  GaAs-like  growth  mode 
characterized  by  high  PL  intensity.  We  believe  that  the  reason  for  the  strong  decrease  in 
luminescence  efficiency  for  the  bottom  two  regions  is  associated  with  additional  defects  due  to 
either  the  formation  of  N-rich  clusters  or  the  nitrogen  segregation.  Thus,  there  is  some  region  of 
high  “growth  rate/growth  temperature”  that  is  free  of  the  effects  related  to  the  phase  separation. 
We  have  found  that  the  border  of  top  and  bottom  regions  shifts  left  (or  up)  for  higher  N  content. 
Adding  even  three  percent  of  indium  to  match  lattice  parameter  to  GaAs  also  shifts  the  border 
about  40  left.  Therefore,  the  presence  of  In  enhances  phase  separation  regardless  of  strain 
compensation. 

Photoluminescence  intensity  of  GaAs  and  GaAsN  layers 


Fig.  2a  shows  PL  spectra  (dotted  lines)  of  GaAsi-xNx  layers  grown  at  different  growth 
temperatures,  470  and  520  ^C.  The  luminescence  intensity  is  about  one  order  of  magnitude 
higher  for  the  samples  grown  at  520  ^C.  One  can  see  that  increasing  the  nitrogen  content  leads  to 
the  red  shift  of  PL  line.  Integrated  luminescence  intensity  is  nearly  constant  for  x=0-0.015  and 
falls  about  three  times  for  x=0.024  (circles).  PL  intensity  of  GaAs  layers  also  strongly  depends 
on  growth  temperature  (diamonds).  The  highest  intensity  shows  the  sample  grown  at  600  ”C 
which  is  about  one  order  of  magnitude  higher  than  that  of  the  sample  grown  at  520  and  50 
times  higher  than  of  the  sample  grown  at  470  ^C.  It  is  important  to  note  that  the  PL  intensity  of 

GaAs  samples  grown  at  520  and  470  is 
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very  close  to  that  of  the  GaAsi-xNx 
samples  (x<0.015).  Fig.  2(b)  shows  the 
dependence  of  integrated  PL  intensity  on 
3  excitation  density  measured  with  an  Ar- 
«  laser.  Data  for  a  GaAs  sample  grown  at 
^  600  are  also  shown.  The  PL  intensities 
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are  almost  the  same  for  the  two  samples 
grown  at  520  even  for  very  low  power 
densities.  It  proves  that  nitrogen 
incorporation  does  not  lead  to  formation  of 
additional  centers  of  non-radiative 
recombination.  Thus,  the  main  reason  for 
decreasing  PL  intensity  for  GaAsN  layers 
~  relative  to  the  reference  GaAs  sample 
10^  grown  at  optimal  temperature  600  °C  is 
low  temperature  growth  rather  than  the 
presence  of  nitrogen. 
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Fig.2.  (a)-Dependence  of  integrated  PL  intensity  of  GaAs(N)  layers  on  wavelength  grown  at 
different  temperatures  (left  axis).  PL  spectra  of  GaAs(N)  layers  are  shown  as  dotted  lines 
(right  axis). 

(b)-Dependence  of  integrated  PL  intensity  on  excitation  power  density  for  GaAs  and  GaAsN. 


Effect  of  annealing 


It  is  well  known  that  defects  related  to  low-temperature  growth,  such  as  arsenic  antisite 
and/or  interstitial  defects,  can  be  removed  by 
post-growth  annealing.  We  have  investigated  the 
effect  of  in  situ  annealing  on  our  GaAsN  layers.  1 
We  found  that  the  increase  in  luminescence 
intensity  after  annealing  varied  from  3  to  50  times 
depending  on  the  growth  temperature,  Fig.3.  The 
.solid  horizontal  line  shows  intensity  of  GaAs  ••g 
grown  at  600  ^’C,  which  is  considered  to  be  an  ^ 
optimal  growth  temperature  for  GaAs.  Again  one  ^ 
can  see  that  PL  intensity  depends  on  growth  _i 
temperature  but  not  on  the  presence  of  N  in  the  ^ 
layers.  PL  intensity  of  .samples  after  annealing  is  q  q-| 
shown  by  open  circles.  For  .samples  grown  at 
520  ‘’C  and  annealed  for  I  hour  at  750  ‘‘C  under 
ar-senic  overpressure  we  achieved  almost  the  same 
PL  intensity  as  G  aAs  grown  at  600  ‘t. 

Fig.3  Dependence  of  integrated  PL  intensity  of  GaAs(N)  layers  as  grown  and  after  annealing. 

Structural  and  optical  properties  of  GaAsN  layers 

We  have  shown  that  to  avoid  clusterization  and  realize  two-dimensional  growth  at  high 
growth  temperature  (>500 '’C)  one  can  u.se  relatively  high  growth  rate  (>1  pm/hour).  PL  (solid 
line)  and  absorption  (dotted  line)  spectra  of  the  GaAsNo.rti  layer  grown  under  this  condition  are 
presented  in  Fig,4.  Insert  in  Fig.  4  shows  cross  section  of  transmission  electron  microscopy 
image  of  this  sample.  One  can  see  that  there  is  no  evidence  of  strong  compositional  modulations 
in  GaAsN  layer.  However,  pronounced  Stokes  shift  between  the  maximum  of  PL  .spectrum  and 
ab.sorption  edge  indicates  that  carrier  recombination  goes  via  some  localized  states. 

Photoluminescence  spectra  taken  at  low  excitation  density  (0.6  W/cm")  in  the  10-300K 
range  are  shown  in  Fig.  5(a).  One  can  .see  that  after  100  K  an  additional  high-energy  peak  (E2) 
appears  in  the  spectrum  and  starts  to  dominate  at  higher  temperatures.  The  temperature 
dependence  of  the  positions  of  these  low-energy  (El)  and  high-energy-peaks  (E2)  is  shown  in 
Fig.  5(b)  by  up-triangles  and  down-triangles,  respectively.  Only  one  peak  at  all  temperatures  is 
observed  for  PL  .spectra  recorded  at  high  excitation  (100  W/cm^).  Its  position  and  absorption 
edge  are  also  presented  in  Fig.  5(b)  as  .solid  circles  and  diamonds,  respectively.  The  PL  peak 
maximum  at  high  excitation  is  close  to  El  at  low  temperature  and  shifts  towards  E2  when  the 
temperature  is  increased.  Finally,  at  temp>eratures  higher  than  70K  all  data  coalescence  into  one. 
The  characteristic  S-shape  temperature  dependence  of  the  peak  position  is  clearly  .seen.  This  S- 
shape  temperature  dej>endence  of  PL  peak  position  after  post-growth  annealing  is  considerably 
less  pronounced  (open  circles  in  Fig.  5(b)).  To  investigate  the  reason  for  this  S-shaped 
temperature  dependence,  we  have  studied  PL  temperature  dependences  of  two  nominally 
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Fig.5.  PL  (solid  line)  and  absorption  Fig.6.  (a)  PL  spectra  of  GaAsNo.oi  at  different 

spectra  (dotted  line)  of  GaAsNo.oi-  temperatures,  (b)  Dependence  of  PL  peak  position 

Insertion  shows  TEM  image.  PL,  El  and  E2  peaks,  and  absorption  edge. 


identical  InGaAs  QW  structures  grown  under  different  growth  regimes.  Conventional  structure 
with  flat  interfaces  demonstrated  usual  temperature  dependence  of  PL  line  following  the  GaAs 
bandgap.  The  structure  with  pronounced  interface  corrugation,  grown  under  reduced  As  flux 
showed  double  peaked  shape  of  the  PL  line  and  the  peak  intensities  redistributed  with  the 
observation  temperature.  Fig.  6. 
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Fig.6(a)-  PL  spectra  of  corrugated 
InGaAs  QW  at  different  temperatures, 
(b)  Temperature  dependence  of  position 
of  both  PL  peaks.  Position  of  peak 
dominated  in  PL  is  shown  as  circles. 


39 


Thus,  the  main  peak  shows  practically  the  same  S-shapc  dependence  as  the  GaAsN  epilayers 
described  above.  Since  the  two  InGaAs  QW  structures  differ  only  in  the  interface  corrugation 
leading  to  additional  potential  fluctuations  we  conclude  that  the  main  reason  for  the  S-shaped 
temperature  dependence  of  the  PL  line  is  potential  fluctuations  due  to  spatial  nonuniformities  or 
composition/strain  modulations.  Therefore,  we  attribute  the  S-shape  behavior  of  temperature 
dependence  of  PL  line  in  GaAsN  epilayers  to  potential  fluctuations  due  to  nonuniformities  of 
nitrogen  distribution.  Post-growth  annealing  reduces  the.sc  inhomogeneities  and  the  S-shape 
behavior  becomes  less  pronounced.  We  note  that  these  nonuniformities  in  nitrogen  distribution 
are  not  revealed  in  TEM,  so  the  shape  of  temperature  dependence  of  PL  line  can  be  considered  as 
empirical  figure  of  merit  for  the  extent  of  uniformity  of  nitrogen  distribution  in  GaAsN  layers. 

CONCLUSIONS 

Molecular  beam  epitaxial  growth  of  GaAsi-xNx  layers  has  been  studied  as  a  function  of 
nitrogen  content  and  growth  regimes.  We  have  found  that  the  growth  at  relatively  high  growth 
temperatures  allows  us  to  avoid  “phase  separation”  or  clusterization  if  high  (>1  |Lim/h)  growth 
rates  are  used.  Up  to  1.5%  of  nitrogen  can  be  incorporated  into  GaAs  without  deterioration  of 
integrated  PL  intensity,  and  for  a  sample  containing  2.4%  of  nitrogen  the  integrated  PL  intensity 
decreases  only  about  three  times.  Such  layers  demonstrate  .some  compositional  fluctuations 
leading  to  S-shape  temperature  dependence  of  the  PL  peak  position.  Annealing  reduces 
compositional  fluctuations  and  improves  photolumincsccnce  intensity. 
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ABSTRACT 

Rapid  thermal  annealing  (RTA)  of  lOOOA  GaNAs  films  grown  on  (100)  oriented  GaAs 
substrate  by  radio  frequency  (RF)  plasma  assisted  solid-source  molecular  beam  epitaxy  was 
studied  by  low-temperature  photoluminescence  (PL)  and  high-resolution  x-ray  diffraction 
(HRXRD).  Samples  with  nitrogen  content  of  1.3  and  2.2%  have  shown  an  overall  blueshift  in 
energy  of  67.7meV  and  an  intermediate  redshift  of  42.2meV  in  the  PL  spectra  when  subjected  to 
RTA  at  525-850‘’C  for  lOmin.  It  is  also  shown  that  the  sample,  which  is  annealed  at  temperature 
range  of  700-750"C,  has  the  highest  photoluminescence  efficiency  (1.7-2. 1  times  increase  in 
integrated  PL  intensity  as  compared  to  the  as-grown  sample).  Reciprocal  space  mapping  of  the 
as-grown  GaNAs  samples  obtained  by  using  triple-crystal  HRXRD  shows  the  presence  of 
interstitially  incorporated  of  N  atoms  with  no  lattice  relaxation  in  the  direction  parallel  to  the 
growth  surface.  These  results  have  significant  implication  on  the  growth  and  post-growth 
treatment  of  nitride  compound  semiconductor  materials  for  high  performance  optoelectronics 
devices. 


INTRODUCTION 

Group  III-N-As  is  a  promising  material  for  1.3  and  1.55|Lim  telecommunication 
optoelectronic  devices  grown  on  GaAs  substrate.  Hence,  epitaxial  growth  of  the  nitride 
compound  has  been  studied  extensively.  It  is  known  that  the  luminescence  efficiency  of  these 
alloys  can  be  greatly  improved  by  annealing  at  temperature  higher  than  the  growth  temperature 
[1].  The  same  has  been  reported  for  quantum  well  structures  of  GaNAs/GaAs  [2].  However, 
along  with  large  improvement  in  the  PL  efficiency,  a  significant  blueshift  (9-50meV)  of  the 
maximum  PL  intensity  position  was  also  observed  which  seemed  independent  of  the  N 
composition.  This  blueshift  effect  in  the  PL  peak  energy  has  been  attributed  mainly  to  two 
possible  reasons;  (i)  nitrogen  out-diffusion  from  bulk  GaNAs  [3],  and  (ii)  interdiffusion  of  N-As 
atoms  near  the  interface  of  GaNAs/GaAs  [4,5].  However,  the  results  from  our  experiments 
suggest  the  presence  of  a  different  mechanism  of  diffusion.  This  is  shown  by  an  intermediate 
redshift  in  the  PL  peak  energy  in  annealing  temperature  range  lower  than  the  optimum 
temperature.  Furthermore,  such  changes  were  not  accompanied  by  a  shift  towards  higher  Bragg 
angle  for  the  GaNAs  peak  in  HRXRD,  a  result  different  from  others  [6,7]. 
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EXPERIMENTAL  DETAILS 


All  our  samples  were  grown  by  solid-source  molecular  beam  epitaxy  (SSMBE)  with  nominal 
structures  of  200A  GaAs/lOOOA  GaNAs/3000A  GaAs  buffer  layer  on  semi-insulating  GaAs 
(100)  substrate  using  elemental  sources  of  gallium  (7N),  arsenic  (6N)  and  a  nitrogen  radio- 
frequency  (RF)  plasma  source.  Prior  to  growth  of  GaNAs,  oxide  desorption  was  carried  out  at 
580‘’C  under  As  overpressure,  following  which  300nm  of  GaAs  buffer  layer  was  grown.  The 
As/Ga  flux  ratio  was  fixed  at  ~20  and  the  growth  rate  of  GaAs  at  l^im/hour.  Since  only  a  small 
amount  of  nitrogen  is  to  be  incorporated  into  the  nitride  layer,  we  expect  no  significant  change  in 
the  GaNAs  growth  rate  under  the  same  Ga  flux.  A  growth  interruption  of  ~5min  was  used  to 
stabilize  the  ignition  of  the  nitrogen  RF  plasma  source  with  N2  background  pressure  of  1.0x10'^ 
Torr  (at  0.10  seem  of  N2  flow).  The  GaNAs  layer  was  grown  at  500''C  and  clear  (2x4)  surface 
reconstruction  was  observed.  GaNAs  samples  with  different  nitrogen  composition  were  prepared 
by  varying  the  RF  power  from  150-250W.  This  was  followed  by  rapid  thermal  annealing  (RTA) 
of  the  samples  at  525-850"C  for  lOmin  under  N2  ambient.  During  the  RTA  process,  the  samples 
were  capped  using  a  GaAs  wafer  to  minimize  arsenic  loss  at  elevated  temperature.  Low- 
temperature  photoluminescence  (PL)  at  lOK  was  excited  by  a  514.5nm  ion  argon  laser  and 
detected  using  a  liquid  nitrogen  cooled  Ge  detector  in  conjunction  with  standard  lock-in 
technique.  The  samples  were  also  characterized  by  high-re.solution  x-ray  diffraction  (HR-XRD) 
for  their  cry.stalline  quality  (rocking  curve  and  triple-axis  scan)  and  the  nitrogen  content  was 
determined  by  fitting  the  experimental  x-ray  rocking  curve  with  the  simulated  rocking  curve 
using  dynamical  diffraction  theory. 


DISCUSSION 

During  the  growth  of  GaNAs  at  low  substrate  temperature  of  500'’C,  the  nitrogen  atoms  are 
incorporated  into  the  nitride-arsenide  matrix  not  only  by  substituting  the  As  lattice  site  but  also 
as  interstitial  nitrogen  complex  and/or  molecular  nitrogen  in  GaNAs.  In  our  experiment,  a  (2x4) 
surface  reconstruction  was  observed  throughout  the  growth  of  the  GaNAs  layer.  Since  the 
nitrogen  atom  and  N2  molecule  are  smaller  compared  to  the  radius  of  the  interstitial  site,  it  is 
relatively  easy  for  nitrogen  to  be  incorporated  into  the  interstitial  site  of  the  host  lattice.  '  As 
reported  by  Spruytte  el.  al.  [7],  nitrogen  can  exist  in  two  configurations  in  the  GaNAs  layer 
grown  using  a  RF  plasma  nitrogen  source;  (i)  by  forming  a  covalent  Ga-N  bond  (a  substitutional 
P  site:  replacing  As  host  sublattices  with  N  atoms),  an  effect  which  primarily  contributes  to  the 
band  gap  narrowing  (redshift)  due  to  the  highly  localized  nature  of  the  perturbation  introduced 
by  nitrogen  atoms  [8],  (ii)  by  forming  a  nitrogen  complex  in  which  nitrogen  is  less  .strongly 
bonded  to  Ga  atoms  (an  interstitial  site). 

The  change  in  PL  peak  energy,  full-width  at  half  maximum  (FWHM)  and  PL  integrated 
intensity  for  samples  with  N  contents  of  1.3%  and  2.2%,  re.spectively,  with  annealing 
temperature  from  525-850“C  is  shown  in  Fig.  l(a)-(b). 
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Figure  l(a)-(b).  Plot  of  PL  peak  energy,  integrated  intensity  and  FWHM  at  different  annealing 
temperature  for  samples  with  N  content  of  (a)  1.3%  and  (b)  2.2% 


Fitted  lines  are  drawn  to  show  the  changes  in  these  parameters  following  the  change  of  annealing 
temperature.  The  thermal  annealing  caused  an  initial  blue,  and  intermediate  redshifl  shift  in  the 
PL  peak  energy,  and  could  not  be  explained  solely  by  the  effect  of  nitrogen  out-diffusion  [7],  or 
N-As  atom  interdiffusion  across  the  GaNAs/GaAs  heterointerface  [4,5].  Because  the  amount  of 
nitrogen  incorporation  into  the  GaAs  lattice  is  very  small,  the  nitrogen  atoms  adopt  an  impurity¬ 
like  behavior  in  the  lattice  [9].  Under  such  a  condition,  it  is  most  likely  that  a  substitutional- 
interstitial  diffusion  mechanism  [10]  could  take  place  during  the  thermal  annealing  process, 
which  results  in  hopping  of  substitutional  nitrogen  atoms  into  interstitial  sites  and  vice  versa, 
according  to  S  I  -i-  V,  where  S,  I  and  V  are  the  substitutional  nitrogen,  interstitial  nitrogen  and 
vacancy,  respectively.  Depending  on  the  annealing  temperature,  the  blueshift  of  the  PL  peak 
energy  could  have  been  caused  by  hopping  of  nitrogen  atoms  from  substitutional  sites  to 
interstitial  sites,  or  nitrogen  out-diffusion,  or  a  mixture  of  both  mechanisms.  The  intermediate 
redshift  in  the  PL  peak  energy  could  have  been  caused  by  a  ‘kick-out’  effect  of  the  substitutional 
arsenic  atoms  by  interstitial  nitrogen  atoms. 

For  the  sample  with  N  content  of  1.3%,  grown  at  a  lower  RF  plasma  power  of  150W,  an 
increase  in  annealing  temperature  from  525°C  to  550°C  gave  rise  to  an  increase  in  PL  peak 
energy  from  1.166  to  1.218  eV  (a  total  blueshift  of  51.8  meV).  As  the  annealing  temperature 
was  increased  further,  the  PL  peak  energy  reduces,  equivalent  to  a  total  redshift  of  42.2  meV 
(from  1.218  to  1.176  eV).  The  observed  initial  blueshift  in  the  PL  peak  energy  suggests  a 
condition  whereby  the  lattice  is  energetically  favorable  for  the  substitutional  nitrogen  atoms  to 
diffuse  into  nearby  interstitial  sites.  When  the  annealing  temperature  is  increased  further,  the 
observed  redshift  in  the  PL  peak  energy  could  be  due  to  a  condition  whereby  it  is  energetically 
favorable  for  interstitial  nitrogen  atoms  to  replace  As  atom  sites  and  become  substitutional 
nitrogen  atoms.  Therefore,  under  such  circumstances,  the  former  will  produce  a  bandgap 
widening  effect  and  the  latter,  a  bandgap  narrowing  effect  with  a  change  in  substitutional  atom 
sites  from  As  to  N. 

In  comparison,  the  sample  with  N  content  of  2.2%  grown  using  higher  RF  plasma  power  of 
250W,  exhibit  a  similar  trend  of  initial  blueshift  in  the  PL  peak  energy  of  35.2  meV  when  the 
annealing  temperature  was  increased  to  550°C.  An  intermediate  redshift  in  the  PL  peak  energy 
of  4.9  meV  was  observed,  but  it  is  ~9  times  smaller  compared  to  that  in  the  sample  with  lower 
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nitrogen  content.  The  reduction  in  the  PL  peak  energy  reaches  a  minimum  at  annealing 
temperature  of  ~650"C,  which  is  lower  compared  to  the  sample  with  lower  N  content  (~725”C). 
Such  a  difference  could  arise  from  the  difference  in  the  concentration  of  interstitially 
incorporated  nitrogen  atoms  between  these  two  samples.  The  sample  with  lower  nitrogen 
content  has  a  higher  ratio  of  interstitial  nitrogen  atoms  to  substitutional  ones,  because  when 
lower  RF  plasma  power  was  used,  a  lower  ratio  of  nitrogen  atoms  to  and  2"^  positive 
molecules  were  generated  [II]  and  hence,  a  considerable  concentration  of  nitrogen  is 
incorporated  into  the  interstitial  sites.  Hence,  the  sample  with  lower  nitrogen  content  of  1 .3% 
will  require  higher  annealing  temperature  in  order  to  replace  most  of  the  sub.stitutional  As  by 
interstitial  nitrogen  atoms.  Therefore,  the  PL  peak  energy  reaches  a  minimum  value  at  higher 
annealing  temperature  of  ~725‘’C  compared  to  that  of  the  sample  with  higher  N  content  of  2.2%. 

The  FWHM  of  the  PL  peak  for  both  samples  showed  an  approximately  common  minimum 
value  at  annealing  temperature  of  700-750T  ( 1 .6  and  1 .8  times  reduction  for  sample  with 
nitrogen  content  of  1 .3%  and  2.2%  respectively,  as  compared  to  the  as-grown  condition).  This 
suggests  that  both  samples,  regardless  of  the  difference  in  nitrogen  composition,  have  undergone 
a  similar  annihilation  of  point  defects  such  as  interstitials  and  vacancies  in  the  as-grown  GaNAs 
layer,  resulting  in  improved  crystalline  quality  as  shown  later  in  the  HR-XRD  results.  Such 
defects  are  detrimental  to  the  photoluminescence  efficiency.  For  both  samples,  a  1 .7-2. 1  times 
increase  in  the  integrated  intensity  of  the  PL  peak  was  observed,  which  reaches  a  maximum 
value  at  annealing  temperature  of  ~770'’C  and  appear  in  close  correlation  with  the  respective  PL 
FWHM  improvement. 

When  the  annealing  temperature  was  further  increased  to  850"C  for  both  samples  (Fig. 
l((a)-(b)),  the  PL  peak  energy  continued  to  increase,  indicating  a  normal  blucshift  in  the  energy 
caused  primarily  by  nitrogen  out-diffusion.  However,  such  high  temperature  annealing  could 
cause  degradation  in  the  cry.stalline  quality  and  has  a  detrimental  effect  on  the  optical  properties 
of  the  material,  as  evident  by  the  increase  in  PL  FWHM  and  reduction  in  the  integrated  PL 
intensity. 


Figure  2(a)-(b).  Plot  of  XRD  rocking  curves  of  the  as-grown  and  annealed  (750'’C  for  lOmin) 
GaNAs  samples  with  N  content  of  (a)  1.3%  and  (b)  2.2% 
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Fig,  2(a)-(b)  shows  the  reduction  in  FWHM  of  the  XRD  peak  of  the  GaNAs  layer  from  171 
to  166  arcsec  and  from  172  to  150  arcsec  for  samples  with  1.3%  and  2.2%  nitrogen  content, 
respectively,  when  annealed  at  the  optimized  temperature  for  best  overall  optical  property  of 
750*^0  for  lOmin  (as  shown  in  Fig.l(a)-(b)). 

The  reduction  in  FWHM  of  the  XRD  peak  is  consistent  with  the  improved  PL  efficiency. 
This  is  evident  from  the  significant  improvement  in  the  PL  intensity  and  corresponding  reduction 
in  the  PL  FWHM.  Another  noteworthy  result  is  that  there  are  no  drastic  changes  to  the  position 
of  the  XRD  peak  of  the  GaNAs  layer  and  the  Pendellosung  fringes  for  both  samples  when 
subjected  to  the  thermal  annealing  process.  This  observation  is  notably  different  from  that  of 
Spruytte  et  al?,  in  which  a  significant  shift  of  the  XRD  peak  position  to  lower  Bragg  angle  was 
recorded  indicating  significant  nitrogen  out  diffusion  when  GaNAs  (with  as-grown  N  content  of 
2.5%)  was  annealed  at  760®C  for  5min.  This  shows  that  in  so  far  as  the  nitrogen  out  diffusion 
from  the  film  is  concerned,  our  samples  are  more  stable,  and  the  effect  on  the  lattice  parameter  of 
the  GaNAs  layer  and  its  interface  with  GaAs  is  rather  minimal. 

Reciprocal  space  mappings  in  (004)  and  (224)  reflection  points  of  the  as-grown  sample  with 
1.3%  N  content  are  shown  in  Fig  3(a)-(b)  below. 


GaNAs 

(004) 


GaAs 

(004) 


Figure  3(a)-(b).  Reciprocal  space  map  in  (004)  reflection  points  of  as-grown  GaNAs  with  N 
content  of  1.3%,  (a)  As-grown  and  (b)  Annealed  700”C  for  lOmin. 


The  kinematical  diffuse  scattering  around  the  (004)  reflection  points  (Fig.  3(a))  arises  from 
point  defects  such  as  interstitials  [12].  As  expected,  these  point  defects  could  only  be  introduced 
during  the  growth  of  GaNAs  since  some  nitrogen  atoms  are  incorporated  into  interstitial  site. 
When  annealed  at  700"C  for  lOmin,  most  of  these  defects  were  annihilated  as  shown  by  the 
reduction  of  kinematical  diffuse  scattering  in  Fig  3(b). 


CONCLUSION 

In  summary,  we  have  presented  low  temperature  PL  measurements  on  GaNAs  samples  with 
nitrogen  content  of  1 .3%  and  2.2%,  subjecteci  to  rapid  thermal  annealing  from  525-850°C  for 
lOmin.  The  PL  peak  energy  position,  which  is  related  to  the  bandgap  of  the  GaNAs  material. 
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showed  significant  blueshift  and  intermediate  redshift  in  energy  at  annealing  temperature  lower 
than  the  temperature  (700-750‘’C).  These  effects  suggest  an  intermediate  state  of  diffusion  of 
substitional-interstitial  nitrogen  atoms,  whereby  at  certain  range  of  annealing  temperature,  it  is 
energetically  more  favorable  for  interstitial  nitrogen  atoms  to  diffuse  into  substitional  As  sites 
and  hence  give  rise  to  redshift  in  the  PL  peak  energy.  The  minimum  PL  FWHM  and  maximum 
PL  integrated  intensity  were  observed  to  occur  approximately  at  a  common  annealing 
temperature  of  750‘’C  for  both  GaNAs  samples  of  different  nitrogen  content.  The  XRD  results  of 
these  samples  are  consistent  with  the  PL  results  as  evident  from  a  reduction  in  the  FWHM  of  the 
XRD  peak  of  the  GaNAs  layer  corresponding  to  significant  improvement  in  the  PL  efficiency 
arising  from  the  thermal  annealing  process.  The  results  also  show  no  significant  difference  in  the 
lattice  parameter  between  the  annealed  and  as-grown  sample,  indicating  that  the  GaNAs  layers 
are  structurally  more  stable  under  thermal  annealing. 
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ABSTRACT 

Isoelectronic  impurity  nitrogen  atoms  have  been  found  to  generate  a  series  of  localized  states 
in  Gap  and  GaAs.  These  states  can  be  either  bound  (within  the  band  gap)  or  resonant  (above  the 
band  gap)  when  in  the  dilute  doping  limit  (roughly  <10^^^  cm'^  for  GaP  and  <  10^^  cm  for 
GaAs).  With  increasing  nitrogen  doping  level,  a  shift  of  the  absorption  edge  from  the  binary 
band  gap  has  been  observed  for  the  so-called  GaPN  or  GaAsN  alloy.  We  discuss  the  similarity 
and  dissimilarity  between  the  two  systems  in  the  following  aspects:  (1)  How  does  the  nitrogen 
doping  perturb  the  host  band  structure?  (2)  How  do  the  nitrogen  bound  states  evolve  with 
increasing  nitrogen  doping  level?  (3)  What  are  the  dominant  contributors  to  the  band  edge 
absorption?  And  (4)  does  a  universal  model  exist  for  GaPN  and  GaAsN?  Other  issues  that  will 
be  discussed  are:  how  does  one  define  the  band  gap  for  these  materials,  and  what  is  the  relevance 
of  various  theoretical  band  structure  calculations  to  the  experimentally  measured  parameters. 


INTRODUCTION 

Large  band  gap  reductions,  along  with  many  other  modifications  to  the  band  structure,  have 
been  observed  in  heavily  nitrogen  doped  GaAs  and  GaP  for  nearly  a  decade  [1,2].  Two  recent 
reviews  [3,4]  have  related  the  newer  research  activities  in  this  area  to  a  field  that  is  more  than 
thirty-year  old,  that  is,  isoelectronic  impurities  in  semiconductors.  These  materials  have 
frequently  been  referred  to  as  dilute  nitride  alloys.  Since  GaN  has  a  much  larger  band  gap  than 
either  of  the  hosts,  the  observed  large  band  gap  reduction  has  been  portrayed  as  “giant”  bowing, 
using  the  terminology  for  describing  conventional  alloys.  However,  if  one  notes  that  the  band 
alignment  for  GaP/GaN  or  GaAs/GaN  is  type  II  with  the  conduction  band  edge  of  the  GaN  lower 
than  that  of  GaP  by  ~  560  meV  or  GaAs  by  ~  200  meV,  then  the  large  band  gap  reduction  is  less 
surprising  [3].  Nitrogen  is  one  of  a  very  distinct  group  of  isoelectronic  impurities  in  III-V 
semiconductors.  Long  before  the  finding  of  the  large  band  gap  reduction  it  was  known  that  the 
impurity  states  associated  with  an  isolated  nitrogen  and  various  nitrogen  pairs  have  progressively 
lower  energy  levels  in  GaP  [5]  and  GaAs  [6,7].  This  trend  had  actually  already  hinted  at  the  type 
II  band  alignment  between  GaP  or  GaAs  and  GaN.  Considering  the  bowing  for  each  individual 
band  edge  instead  of  the  entire  band  gap,  one  will  find  the  bowing  coefficient  to  be  rather 
different  from  that  given  in  the  literature  for  the  band  gap  of  GaAsN  or  GaPN.  However,  the 
microscopic  origin  for  the  band  gap  reduction,  i.e.,  its  relationship  with  the  host  band  structure  or 
the  nitrogen  impurity  states,  has  been  an  intensively  debated  issue  in  recent  years.  A 
phenomenological  model,  the  so-called  “band  anti-crossing”  model,  suggests  that  the  primary 
effect  of  nitrogen  doping  is  to  cause  a  repulsion  between  the  isolated  nitrogen  level  and  the  T 
conduction  band  edge  [8,9],  disregarding  that  the  isolated  nitrogen  level  is  higher  in  GaAs  and 
lower  in  GaP  than  the  T  point.  Attempts  to  provide  an  answer  using  band  structure  calculations 
have  been  made  [10-13].  A  generic  argument  has  been  proposed  for  explaining  the  band  gap 
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reduction:  the  nitrogen  incorporation  breaks  the  lattice  symmetry  and  causes  the  bulk  states  at  the 
Brillouin  zone  boundaries  (e.g.,  X  and  L  point)  to  fold  to  the  F  point,  consequently,  the  repulsion 
between  the  folded  states  and  the  F  point  gives  rise  to  the  band  gap  reduction.  Such  an  argument 
implies  that  any  impurity  incorporation  should  result  in  a  band  gap  reduction,  which  is  obviously 
untrue.  As  has  been  discussed  in  Ref.[3],  an  apparent  rea.son  for  the  large  band  gap  reduction  is 
simply  the  large  type  II  band  offset,  but  a  more  fundamental  reason  is  that  the  2s  valence  atomic 
level  of  N  atom  is  much  lower  than  that  of  As  4s  or  P  3s.  Also,  a  recent  calculation  [  1 4] 
indicates  that  the  first  order  perturbation  of  the  nitrogen  impurity  potential,  which  does  not 
involve  the  inter-valley  coupling,  already  results  in  a  considerable  band  gap  reduction  for 
GaAsN.  Although  all  these  band  structure  calculations  were  able  to  yield  a  band  gap  reduction, 
the  values  scatter  considerably.  According  to  these  calculations,  the  band  edge  state  is  bulk-like 
[10,1 1]  or  more  simply  a  lowest  bulk-like  state  is  defined  as  the  band  edge  [12,13].  Another 
suggested  mechanism  for  the  band  gap  reduction  is  the  impurity  band  formation  of  the  nitrogen 
bound  states  [15,16].  In  GaPN,  all  existing  experimental  data  .seem  to  indicate  the  weak  role  of 
any  perturbed  host  .slates  in  the  band  edge  absorption  [17-19],  and  instead  point  to  the  formation 
of  an  impurity  band  from  various  nitrogen  bound  exciton  states  [16,19].  However,  recent 
theoretical  calculations  [12,13]  claimed  that  the  nitrogen  impurity  states  can  not  interact 
sufficiently  so  as  to  broaden  and  form  an  impurity  band,  and  the  band  gap  reduction  was  due  to 
the  host  state  “plunging  down”  as  a  result  of  nitrogen  perturbation.  In  GaAsN,  nitrogen  induced 
bound  states  have  also  been  found  to  broaden  and  turn  into  a  continuous  spectrum  [20,21]. 
However,  it  has  not  been  clear  as  to  how  nitrogen  bound  states  and  the  bulk-like  states  compete 
with  each  other,  and  which  of  them  is  the  dominant  contributor  to  the  band  edge  absorption.  This 
will  be  a  major  issue  to  be  addressed  in  this  work. 

Another  issue  which  has  rarely  been  addressed  for  these  so-called  dilute  nitride  alloys  is  the 
relevant  meaning  of  a  measured  parameter.  Such  a  parameter  can  be,  for  instance,  band  gap  and 
effective  mass  which  are  well-defined  for  an  ideal  cry.stal  and  meaningful  for  a  conventional 
alloy.  Experimentally,  the  band  gap  of  GaAsN  and  GaPN  has  been  derived  in  many  different 
ways:  photoluminescence  (PL),  absorption  or  PL  excitation  (PLE),  derivative  spectro.scopy 
techniques  which  include  electro-  or  photo-reflectance  or  absorption.  From  absorption,  one  can 
fit  the  absorption  near  the  “band  edge”  to  the  lineshape  function  for  free  carrier  absorption,  i.e., 

(E  -  Eg)  with  n  =  V2  for  the  direct  transition  and  n  =  2  for  the  indirect  transition.  Ambiguity  in 
the  fitting  procedure  has  led  to  contradictory  conclusions  [4]  of  the  same  material  being  indirect 
according  to  one  study  and  direct  according  to  another  study.  A  more  fundamental  concern  is 
that  the  inter-band  transition  in  an  intrinsic  .semiconductor  should  always  be  exciionic,  even  if 
inhomogeneous  broadening  smears  out  the  measured  exciton ic  feature  in  some  ca.ses.  However, 
taking  the  excitonic  peak  (if  any)  as  the  band  gap  versus  the  above  mentioned  fitting  may  give  a 
significantly  different  band  gap  for  a  material  like  GaAsN  which  frequently  exhibits  a  rather 
slow  rising  slope  in  its  absorption  curve  [1].  For  GaPN,  since  the  band  edge  absorption  originates 
from  nitrogen  bound  stales,  it  is  not  at  all  clear  what  kind  of  lineshape  function  can  be  justifiably 
used  [16],  Regarding  the  various  derivative  .spectroscopies  which  arc  commonly  believed  to  be 
more  accurate  than  the  linear  spectroscopies,  the  band  gap  can  be  determined  with  much  lc.ss 
ambiguity  (provided  a  proper  lineshape  function  is  used  for  fitting  the  experimental  curve). 
However,  the  physical  process  that  results  in  the  measured  derivative  lineshape  is  not  trivial  for 
these  stiongly  perturbed  .semiconductors.  It  is  al.so  unclear  how  well  the  band  gaps  derived  from 
using  these  somewhat  different  criteria  agree  with  each  other. 
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Many  attempts  have  been  made  for  quantitative  comparisons  between  experimental  data  and 
theoretical  results.  In  many  cases,  it  was  not  at  all  clear  what  exactly  was  being  compared, 
although  excellent  agreements  between  experimental  and  theoretical  results  have  been  claimed 
[13]. 

In  this  work,  we  intend  to  present  a  comprehensive  view  of  the  so-called  GaAsN  and  GaPN 
alloys.  We  will  (1)  examine  the  difference  for  the  band  gap  measured  by  different  techniques  or 
using  different  criteria;  (2)  investigate  how  nitrogen  doping  affects  the  host  band  structure  and 
the  band  edge  excitonic  absorption;  (3)  reveal  the  evolution  of  nitrogen  bound  states  on 
increasing  nitrogen  doping  level;  and  (4)  discuss  the  relevance  of  comparisons  between  the 
experimental  data  and  theoretical  modeling. 

EXPERIMENTS 

GaAsiN  samples  were  grown  by  low  pressure  metal-organic  chemical  vapor  deposition 
(MOCVD)  on  semi-insulating  GaAs  substrates.  A  50  nm  AlAs  layer  was  inserted  in  between  for 
lifting  off  the  epilayer  by  chemical  etching.  The  nominal  epilayer  thickness  is  1  pm. 
Transmission  was  measured  on  a  film  that  was  either  van  der  Waals  bonded  to  a  cover  glass  or 
free  standing,  i.e.,  glued  at  its  edge  to  a  thin  metal  wire.  The  film  on  glass  was  found  to  be 
slightly  strained  at  low  temperature,  but  the  “wire  mounted”  film  remained  strain- free  in  the  area 
away  from  the  wire.  GaPN  samples  were  grown  by  MBE  on  GaP  substrates,  as  described  in 
Ref.[16].  Some  GaPN  samples  were  thinned  down  to  ~  50  pm  by  mechanical  polishing  for  the 
transmission  measurement.  Transmission  measurements  were  performed  using  a  tungsten  lamp, 
focused  and  spatially  filtered  to  have  a  50-pm  spot  size.  1,5  K  linear  absorption  spectra  were 
measured  using  a  system  with  a  Spex270  spectrometer  and  a  CCD  detector.  Differential 
absorption  spectra  were  measured  using  a  system  with  a  Spex  320  spectrometer  and  a  Si- 
detector.  A  405  nm  diode  laser  was  used  as  the  modulation  source.  Nitrogen  compositions  were 
determined  by  either  SIMS  (for  x  <  0.1  %)  or  x-ray  measurements. 

NEW  “BAND  GAP”  OF  GaAsN 

Fig.l  shows  a  comparison  of  the  linear  and  differential  absorption  spectra  for  GaAsi-xNx  with 
X  =  0,  0.2  %  and  2.2  %,  The  two  samples  with  x  =  0  or  0.2  %  were  measured  on  cover  glass,  and 
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1.0 


0.0 

10  1.1  1.2  10  1.4  1.5 

Energy  (eV) 


51 


the  2.2  %  sample  was  measured  on  the  substrate.  For  the  x  =  0  sample,  the  peak  of  the  AT/T 
signal  is  shown  to  be  very  close  to  the  excitonic  absorption  peak.  However,  the  excitonic 
absorption  peak  smears  out  for  the  other  two  nitrogen-doped  samples.  Obviously,  the  main  peak 
of  the  ATA’  signal  does  not  occur  at  the  absorption  “threshold”  which  itself  is  not  well-defined. 
Thus,  Fig.  1  illustrates  the  fact  that  using  the  absorption  “threshold”  of  the  linear  absorption 
spectrum  may  give  rise  to  a  rather  different  band  gap  from  that  determined  by  the  differential 
absorption.  However,  there  are  no  fundamental  arguments  which  favor  one  result  over  the  other. 

Fig.2  shows  1 .5  K  absorption  spectra  for  a  set  of  relatively  low  nitrogen  concentration 
samples  with  x  <  0.5  %.  These  films  were  “wire  mounted”,  thus,  being  nearly  strain  free, 
whereas  films  on  cover  glass  show  typically  a  ~  2  meV  splitting  and  shift  of  the  absorption  peaks 
at  this  temperature.  The  GaAs-like  excitonic  absorption  peak  is  found  to  shift  down  in  energy 
continuously  with  increasing  nitrogen  concentration.  A  small  band  gap  reduction  of  -  1  meV  has 
been  observed  for  a  sample  with  nitrogen  concentration  as  low  as  1  x  lO'^cm'^  or  x  =  0.0045  %. 
When  X  approaches  0.5  %,  the  absorption  peak  has  broadened  drastically,  indicating  a  strong 
interaction  between  the  bulk-like  states  and  the  nitrogen  bound  .states  associated  with  nitrogen 
pairs  or  clusters.  Fig.3  summarizes  the  band  gap  reduction  measured  by  the  excitonic  absorption 
peak  at  1.5  K  as  a  function  of  nitrogen  composition  for  the  low  x  region,  together  with  the  results 
for  the  high  x  region  obtained  from  electro-reflectance  at  3(X)  K  [22].  There  is  indeed  a  deviation 
between  the  band  gaps  determined  by  the  two  techniques.  Note  that  this  deviation  is  not  due  to 
the  temperature  dependence  of  the  band  gap.  There  have  been  a  few  reports  which  suggest  a 
significant  difference  for  the  temperature  dependence  of  the  band  gap  between  GaAsN  and  GaAs 
(for  instance,  from  absorption  measurements  [23]).  However,  we  have  found  that  the  difference 
is  negligible,  if  any,  using  the  electro-reflectance  technique. 


Figure  2.  Linear  absorption 
spectra  of  GaAs  I -xNx  with  low 
nitrogen  concentrations,  measured 
at  1 .5  K.  The  absorption  peak 
.shifts  monotonically  with 
increasing  nitrogen  concentration. 
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To  better  understand  the  character  of  the  electronic  states  that  contribute  to  the  absorption, 
for  an  X  =  0.1  %  sample,  we  have  measured  its  PL  spectra  with  excitation  energies  above  and 
below  the  GaAsN  band  gap  [20,21].  Fig.4  shows  a  PLE  spectrum  that  is  reconstructed  from  the 
selective  excitation  PL  .spectra,  together  with  a  few  such  PL  spectra  at  repre.sentative  excitation 
energies.  As  one  can  see,  the  PLE  spectrum  has  a  peak  at  1.475  eV  that  agrees  within  a  few  meV 
with  the  band  gap  determined  by  the  electrorefiectance  [21].  It  is  important  to  point  out  that  with 
each  excitation  energy  near  but  below  the  band  gap,  we  observed  a  sharp  zero-phonon  line  at  -  1 
meV  below  the  excitation  energy  plus  a  TA  phonon  sideband  and  enhanced  LOr  and  TOr 
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Figure  3.  Band  gap  reduction  of 
GaAsi-xNx  vs.  N  composition, 
determined  by  the  excitonic 
absorption  peak  at  1 .5  K  and 
electroreflectance  line  shape 
fitting  at  300  K. 


PL  and  PLE  of  GaAs:N  (x  =  0. 1  %) 
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Figure  4.  (left)  Selective 
excitation  PL  spectra  and  (right) 
PLE  spectrum  reconstructed  from 
PL  intensities  at  the  energy  of 
NNb  peak  for  a  GaAsj.xNx  sample 
ofx  =  0.1  %. 


resonant  Raman  peaks,  which  indicates  that  these  states  behave  like  typical  localized  states  [16]. 
Apparently,  these  impurity-like  states  exist  in  a  spectral  range  at  least  100  meV  below  the  “band 
gap”.  Thus,  the  existence  of  an  impurity  band  is  a  fact,  although  the  impurity-like  states  may  not 
be  the  dominant  contributors  to  the  absorption  near  the  “band  gap”. 

NEW  “BAND  EDGE”  OF  GaPN 

For  GaP:N,  early  studies  [17,18]  have  indeed  shown  that  nitrogen  doping  perturbs  the  host 
band  structure,  making  the  forbidden  indirect  band  gap  transition  Ax  partially  allowed.  However, 
the  absorption  at  the  direct  band  gap  was  found  to  be  only  ~  1/150  of  the  A  line  (the  isolated 
nitrogen  state)  absorption  (only  ~  1/450  if  the  contribution  of  the  A  line  acoustic  phonon 
sideband  is  subtracted)  [18].  More  recent  PLE  measurements  for  nitrogen  compositions  up  to  2 
%  showed  absorption  features  near  Ax  as  well  as  the  direct  gap  energy,  but  no  sign  of  any 
absorption  feature  at  the  L  indirect  gap  energy  [19].  Thus,  it  is  highly  unlikely  that  in  GaPN  any 
perturbed  bulk  states  could  make  comparable  contributions  to  the  band  edge  absorption  of  the 
nitrogen  bound  states.  Fig.5  shows  PL  spectra  for  a  set  of  GaPi-xNx  samples  with  x  varying  0.004 
%  to  0.6  %  [16].  The  spectrum  of  the  most  dilute  sample  shows  the  emission  lines  of  nearly  all 
the  nitrogen  induced  bound  states  in  GaPN  [5].  However,  on  increasing  nitrogen  concentration. 
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those  sharp  lines  due  to  nitrogen  pairs  at  the  higher  energy  side  broaden  and  quench  sequentially 
in  the  order  of  increasing  binding  energy.  At  the  same  time  a  broad  emission  band  rises  at  the 
lower  energy  side  of  the  NN|  line. 

Selective  excitation  PL  Is  u.sed  to  reveal  the  nature  of  the  states  that  give  rise  to  the  broad 
emission  band,  while  absorption  measurement  is  used  to  monitor  the  evolution  of  nitrogen  pair 
states.  The  results  are  shown  in  Fig.6.  To  the  left,  the  PL  spectra  obtained  under  selective 
excitation  are  found  to  always  consist  of  a  sharp  zero  phonon  line  NN[  together  with  various 
phonon  sidebands,  typical  of  the  spectrum  for  a  nitrogen  pair  like  NNi.  This  indicates  that  the 
states  in  the  broad  band  are  nothing  but  nitrogen  bound  exciton  states  with  different  local 
environments.  To  the  right,  an  absorption  spectrum  shows  that  the  peak  positions  of  nitrogen  pair 
states  barely  move  with  respect  to  the  dilute  limit,  but  they  strongly  broaden  and  merge  with 
each  other.  In  fact,  the  absorption  peak  at  NN|  very  much  resembles  an  excitonic  ab.sorption 
peak  in  a  conventional  semiconductor.  The  results  of  Fig.5  and  Fig.6  unambiguously  show  that 
for  X  >  0. 1  %,  nitrogen  bound  states  in  GaPN  rapidly  broaden  into  a  continuous  spectrum  more 
than  300  meV  wide.  Fig.7  shows  a  set  of  absorption  spectra  for  different  nitrogen  compositions. 

It  is  clear  that  the  positions  of  nitrogen  bound  states  remain  more  or  less  stationary  until  they  all 
merge  together  at  high  nitrogen  concentrations,  which  unambiguously  disproves  the  N  -  F 
repulsion  suggested  by  the  “band  anti-crossing”  model  [9]. 
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Figure  5.  PL  spectra  of  GeiPi.xNx 
with  different  N  compositions, 
measured  at  10  K  with  excitation 
energy  of  2.33  eV. 


Figure  6.  Left:  .selective  excitation 
PL  spectra  for  a  GaPi-xNx  sample 
of  X  =  0.81  %,  with  excitation 
energies  of  2.3306,  2.1354,  and 
2.1014  eV.  Right:  an  absorption 
spectrum  for  a  750  nm  thick 
GaPi.xNx  sample  of  x  =  0.70  %. 
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Figure  7.  Absorption  spectra  for 
GaPi-xNx  with  x  =  0.70, 0.  90,  1.3, 
and  3.1  %,  measured  at  4  K 
(except  for  the  x  =  0.70  %  at  1.5 
K).  The  curves  are  shifted  for 
clarity. 


DISCUSSIONS 

How  valid  is  the  “band  anti-crossing”  model? 

The  “band  anti-crossing  (BAC)”  model  suggests  that  the  band  gap  reduction  is  simply  due  to 
the  isolated  nitrogen  state  and  the  T  conduction  band  edge  repelling  each  other  [8,9],  whether  or 
not  the  isolated  nitrogen  level  is  higher  or  lower  than  the  T  point  and  ignoring  the  possible  role 
of  bulk  states  belonging  to  other  valleys  (namely  the  X  and  L  valleys)  or  nitrogen  pair  states. 
Although  this  model  has  been  successfully  used  for  fitting  various  experimental  data,  a  number 
of  serious  internal  inconsistencies  have  been  pointed  out  [4],  due  to  the  over  simplified  nature  of 
this  model.  An  equal  but  opposite  shift  of  the  band  gap  and  E'^  is  expected  by  the  BAC  model. 
However,  in  GaAsN,  this  has  been  disproved  experimentally  [24,25],  with  one  exception  of  the 
data  [26]  from  the  model’s  authors.  Also,  there  exists  an  inconsistency  in  the  coupling  matrix 
element,  Vmn.  between  what  was  derived  from  the  band  gap  pressure  dependence  and  from 
composition  dependence  [8,26].  An  extended  version  of  this  model  with  the  k-space  dispersion 
included  is  also  problematic  [27].  First,  it  is  conceptually  wrong  to  view  the  nitrogen  level  as  a 
dispersionless  band  in  k-space.  Second,  it  is  not  clear  for  what  range  in  k-space  the  k- 
independent  Vmn  model  is  applicable.  If  one  simply  applies  the  model  to  the  whole  Brillouin 
zone,  one  will  have  large  splittings  at  both  L  and  X  point  (e.g.,  540  meV  at  L  point  and  600  meV 
at  X  point  for  x  =  1  %  with  Vmn  =  0.27  eV),  which  is  exactly  opposite  to  the  suggestion  that  the 
BAC  model  would  not  yield  a  significant  splitting  at  the  L  point  [26].  Although  there  is  no 
reason  to  believe  that  the  interaction  between  the  nitrogen  state  and  any  bulk  states  is  uniform,  it 
is  unreasonable  to  believe  that  the  nitrogen  state  does  not  interact  with  the  states  with  which  it  is 
in  resonance  or  with  the  nearby  L  point.  For  GaPN,  the  experimental  data  of  Fig.6  and  Fig.7 
have  shown  clearly  enough  that  the  A  line  is  not  repelled  down  by  any  bulk  states,  as  suggested 
in  Ref.  [9].  Whether  or  not  the  T  band  edge  shifts  up  with  increasing  nitrogen  doping  [9,19]  is  a 
different  issue  deserving  further  investigation.  In  fact,  contradicting  their  own  claim  of  the  A  line 
being  repelled  down  starting  at  x  >  0  %  in  Ref.  [9],  the  authors  on  a  different  occasion  admitted 
that  the  A  line  energy  was  independent  of  nitrogen  concentration  up  to  x  ~  0.5  %  [26]. 
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Is  it  possible  to  make  quantitative  comparison  between  experiment  and  theory? 

It  is  therefore  a  delicate  issue  to  make  a  quantitative  comparison  between  the  experimental 
data  and  the  results  of  theoretical  calculations.  Along  with  the  ambiguity  of  defining  the  band 
gap  experimentally,  it  is  not  at  all  clear  as  to  what  is  the  exact  meaning  of  the  calculated  band 
gap.  The  observed  large  band  gap  reduction  in  GaAsi.^N^  can  be  qualitatively  understood  by 
calculating  the  band  structure  of  ordered  nitrogen  arrays  in  GaAs  [10,1 1,28,29].  However,  not 
only  the  calculated  results  vary  significantly  from  one  method  to  the  other,  but  also  neither  of 
them  agrees  quantitatively  with  experimental  results  [22].  Obviously,  a  randomly  nitrogen  doped 
structure  is  expected  to  differ  electronically  from  the  ordered  structure  [16,20-22,30],  which  has 
been  well  demonstrated  even  for  a  conventional  alloy  like  Ga^lni.^P  [31].  It  has  also  been 
indicated  by  recent  calculations  [13]  that  merely  the  existence  of  nitrogen  pair  states  could 
change  the  band  gap  of  the  ordered  structure.  Attempts  to  model  the  random  structure  have  to 
contend  with  the  issue  of  how  to  define  the  band  gap  [12,13,30,32].  Refs.[30,32]  defined  the 
band  gap  by  averaging  the  lowest  .states  (most  likely  being  nitrogen  localized  states)  over 
different  randomly  generated  configurations.  Refs.[I2,13]  instead  tried  to  identify  the  lowest 
bulk-like  state  as  the  new  band  edge.  Theoretically,  one  could  choose  different  definitions  for  the 
band  gap,  but  as  to  how  the  calculated  band  gap  is  relevant  to  the  experimentally  determined 
band  gap  would  need  further  clarification.  Thus,  any  claimed  excellent  agreements  with 
experimental  data  could  only  be  fortuitous,  without  actually  calculating  the  specific  quantity  that 
is  measured.  For  heavily  nitrogen  doped  GaAs  or  GaP,  the  band  gap  is  not  a  well  defined 
parameter  as  it  is  for  undoped  GaAs  or  GaP.  However,  for  a  given  nitrogen  composition  and  an 
a.ssumed  random  distribution,  there  will  be  a  statistically  well  defined  ab.sorption  profile  or  a 
distribution  of  impurity-like  and  bulk-like  states.  Any  measurement  (e.g.,  PL,  absorption, 
differential  absorption  or  electro-reflectance)  will  be  just  probing  the  collective  behavior  of  these 
.states,  and  these  states  are  expected  to  respond  to  the  different  probes  accordingly.  One  could 
define,  for  example,  a  band  gap  based  on  the  technique  used  and  a  certain  set  of  criteria.  Thus, 
the  state  at  the  “band  edge”  could  be  either  impurity-like  or  bulk-like. 

Can  an  impurity  band  form  in  GaAsN  and  GaPN? 

Impurity  band  formation  of  the  nitrogen  bound  states  has  been  sugge.sted  as  the  primary 
mechanism  for  the  band  gap  reduction  [15,16].  To  disapprove  this  model,  Refs.[I2,13]  claimed 
that  the  nitrogen  impurity  .states  could  not  interact  sufficiently  so  as  to  broaden  and  form  an 
impurity  band.  The  experimental  results,  as  summarized  in  the  previous  sections,  indicate  that 
whether  the  impurity  band  is  formed  or  not  is  not  really  the  issue.  Rather,  if  one  defines  the  band 
gap  through,  e,g„  an  absorption  measurement,  the  key  issue  becomes  which  of  the  impurity-like 
states  or  bulk-like  states  are  the  dominant  contributors  to  the  absorption  profile.  Since  GaAs  is  a 
direct  gap  but  GaP  is  an  indirect  gap  semiconductor,  the  relative  absorption  strength  of  the 
impurity-like  and  bulk-like  states  is  expected  to  be  very  much  different.  The  absorption  cross 

.section  for  a  nitrogen  bound  state  in  GaP  is  known  to  be  J otlv  =  9.5x\0~'\m  [33],  and  in  GaAs 
this  is  estimated  to  be  ^adv  =  2.Lvl0“'Vw  (based  on  the  experimental  data  of  Ref.[7]  and 

following  the  detailed  balance  analysis  of  Ref.[34]),  Fig. 8  shows  estimated  peak  ab.sorption 
coefficients  for  the  A  line,  Ax  line,  and  NN,  in  GaPN,  and  for  X,  line  in  GaAsN,  using  their 
absorption  cro.ss  .sections  obtained  at  the  dilute  limit  and  assuming  no  broadening.  Without 
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Figure  8.  Estimated  peak 
absorption  coefficients  for  A,  Ax, 
and  NNi  transition  in  GaP:N,  and 
for  Xi  in  GaAs:N,  using  the 
absorption  cross  sections  in  the 
dilute  limit  and  assuming  no 
broadening. 


broadening,  the  peak  absorption  of  the  A  line  in  GaP  could  reach  98,000  cm  *  at  x  =  0.1  %, 
which  is  about  the  magnitude  of  the  GaAs  band  edge  excitonic  absorption  [35].  Similarly,  for  the 
NNi  state  at  x  =  0.1  %,  the  peak  absorption  is  estimated  to  be  ~  1,100  cm'*  in  GaP  and  14,000 
cm  *  in  GaAs.  Indeed,  the  absorption  of  the  nitrogen  pair  bound  state  in  GaAs  would  be  able  to 
reach  a  value  comparable  to  the  GaAs  band  edge  excitonic  absorption  at  such  a  composition,  if 
the  state  remained  bound  and  unbroadened.  However,  because  of  the  fast  decrease  of  the  GaAs 
band  edge  on  increasing  nitrogen  doping,  as  shown  in  Fig.2,  a  strong  interaction  between  the 
shallow  nitrogen  pair  bound  states  and  the  bulk-like  states  is  expected.  It  is  yet  unclear  how  the 
interaction  transforms  the  GaAs  band  edge  and  the  nitrogen  pair  bound  state  from  either  the 
theoretical  or  experimental  point  of  view.  The  recent  theoretical  calculation  [12,13]  suggested 
that  the  nitrogen  states  would  remain  more  or  less  stationary,  whereas  the  bulk  band  edge  moved 
down  and  surpassed  them.  Since  the  calculations  [12,13]  yielded  an  electron  binding  energy  of  ~ 
100  meV  for  nitrogen  pairs  in  GaAsN,  it  would  mean  that  for  x  >  0.5  %,  the  nitrogen  pair  states 
should  remain  bound  according  to  the  data  of  Fig.2,  which  is  obviously  contradictory  to  the 
experimental  fact  [20]. 

How  did  the  theoretical  calculation  [12,13]  conclude,  in  contrast  to  the  experimental  results, 
that  there  is  no  impurity  band  formation  in  GaAsN  and  GaPN?  To  answer  this  question,  both  the 
intrinsic  limitations  and  the  technical  inadequacy  of  the  theory  need  to  be  examined.  As 
summarized  in  Ref.[21],  there  are  several  channels  for  the  nitrogen  bound  states  to  interact.  In 
addition  to  the  difficult  coupling  considered  in  Refs.[12,13,15],  i.e.,  the  coupling  of  the  highly 
localized  bare  electron  bound  states,  there  are  two  other  channels.  One  is  through  the  excitonic 
states  which  are  ultimately  relevant  in  the  experimental  measurement,  but  not  taken  into  account 
in  the  theoretical  modeling.  The  other  is  the  randomness-induced  inhomogeneous  broadening 
which  can  also  effectively  give  rise  to  a  continuous  spectrum.  A  sincere  effort  has  been  made  in 
Refs.[12,13]  to  model  the  random  structure  by  using  a  large  supercell  with  up  to  14,000  atoms. 
However,  such  a  size  is  still  not  adequate  for  realistically  simulating  the  random  structure  in  the 
composition  range  of  interest.  For  instance,  for  x  =  0.1  %,  the  average  pair  separation  is  ~  200  A, 
and  a  200  A  size  supercell  will  have  ~  333,000  atoms.  Even  for  x  -  0.4  %,  to  statistically  have 
just  10  pairs  of  the  same  configuration  appear  in  a  supercell  in  order  to  observe  their  interaction, 
the  supercell  size  should  be  ~  160  A  with  ~  180,000  atoms  [4].  Thus,  the  supercell  used  in 
Refs.[12,13]  was  not  sufficiently  large  to  generate  enough  nitrogen  bound  states  with  different 
local  configurations  to  form  a  quasi  continuous  spectrum.  In  addition,  the  calculations  [12,13] 
yielded  an  electron  binding  energy  of  ~  100  meV  for  nitrogen  pairs  in  GaAsN  and  of  -  30  meV 
for  the  isolated  nitrogen  in  GaPN,  while  experimental  values  for  both  cases  are  known  to  be  <  10 
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meV  [3,7,17,20],  At  least  to  some  extent,  the  insufficient  accuracy  for  the  impurity  potential 
could  affect  the  description  of  the  impurity-impurity  and  the  impurity-host  interaction.  In  fact,  in 
a  recent  1,000  atom  supercell  calculation  with  improved  pseudopotentials  for  GaAsi.x.yPx-yN2y 
[36],  even  the  bare  electron  bound  states  were  found  to  be  able  to  form  an  impurity  band  for  x  > 
0.3. 


CONCLUSIONS 

A  band  gap  is  not  as  clearly  defined  in  the  so-called  dilute  nitride  alloys  like  GaAsj.xNx  and 
GaPi-xNx  as  it  is  in  binary  semiconductors  or  conventional  alloys.  Depending  on  the  criteria  and 
techniques  used,  different  band  gaps  may  be  derived.  It  is  found  that  the  band  gaps  defined  in 
various  theoretical  calculations  do  not  clearly  relate  to  the  experimentally  determined  band  gap. 
Thus,  any  claimed  excellent  agreement  between  experiment  and  theory  is  likely  to  be  fortuitous. 

No  sufficient  attention  has  been  paid  in  the  past  to  recognize  the  difference  between  the  host 
materials  GaAs  and  GaP,  one  being  direct  gap  and  the  other  being  indirect  gap.  Because  of  this 
major  difference,  the  role  of  nitrogen  impurity  states  and  their  perturbation  to  the  host  are 
qualitatively  different  in  many  aspects.  Thus,  it  is  unwise  to  attempt  to  find  a  universal  model  or 
description  for  these  two  systems. 

In  both  GaPN  and  GaAsN,  nitrogen  bound  states  quickly  form  an  impurity  band  on 
increasing  nitrogen  doping  level  from  the  dilute  limit.  The  perturbed  bulk  states  in  GaPN  are 
found  to  be  unable  to  make  a  major  contribution  to  the  band  edge  absorption.  It  is  the  absorption 
of  nitrogen  bound  states  of  isolated  centers,  pairs,  triplets  etc.  that  gives  rise  to  the  new  band 
edge  below  the  indirect  band  edge  of  the  host.  Whether  or  not  the  bulk-like  states  actually  plunge 
down  into  the  band  gap,  as  predicted  theoretically,  is  unclear  and  non-detectable  at  this  time.  The 
perturbed  bulk  states  in  GaAsN,  however,  remain  as  the  dominant  contributors  to  the  band  edge 
absorption.  A  well-defined,  but  gradually  broadened,  GaAs-like  band  edge  excitonic  absorption 
peak  has  been  observed  for  nitrogen  composition  up  to  nearly  0..3  %.  The  interaction  between  the 
bulk-like  .states  and  the  nitrogen  bound  states  transforms  the  band  structure  near  the  new  band 
edge  into  a  mixture  of  localized  and  delocalized  states. 

The  incorporation  of  nitrogen  into  GaAs  and  GaP  generates  a  series  of  impurity-like  states 
which  co-exists  with  perturbed  bulk  states  in  a  wide  spectral  range.  Their  collective  behavior 
responds  to  different  experimental  measurements  differently.  Thus,  arguments  over  which 
technique  is  more  accurate  or  direct  than  the  other  is  not  always  meaningful,  especially,  given 
the  fact  that  one  usually  does  not  know  the  detailed  mechanisms  of  the  collective  response  being 
measured. 

ACKNOWLEDGEMENTS 

This  work  is  supported  by  US  DOE  Office  of  Sciences,  Basie  Energy  Sciences.  We  thank  M. 
J.  Seong  and  S.  Francoeur  for  useful  discussions  and  sample  preparation,  and  J.  F.  Geisz,  H.  P. 
Xin  and  C.  W.  Tu  for  previous  collaborations.  SIMS  measurements  were  performed  by  Charles 
Evans  &  Associates. 


58 


REFERENCES 


1.  M.  Weyers,  M.  Sato,  and  H.  Ando,  Jpn.  J.  Appl.  Phys.  31,  L853  (1992). 

2.  J.  N.  Baillargeon,  K.  Y.  Cheng,  G.  E.  Hofler,  P.  J.  Pearah,  and  K.  C.  Hsieh,  Appl.  Phys. 
Lett.  60,  2540  (1992). 

3.  Y.  Zhang  and  W.-K.  Ge,  J.  Lumin.  85,  247  (2000). 

4.  A.  Mascarenhas  and  Y.  Zhang,  Current  Opinions  in  Solid  State  and  Material  Science  5, 
253  (2001). 

5.  D.  G.  Thomas,  J.  J.  Hopfield,  and  C.  J.  Frosch,  Phys.  Rev.  Lett.  15,  857  (1965). 

6.  D.  J.  Wolford,  J,  A.  Bradley,  K.  Fry,  J.  Thompson,  and  H.  E.  King,  In  Inst.  Phys.  Conf. 
Ser.  No.  65,  ed.  G.  E.  Stillman  (The  Institute  of  Physics,  Bristol,  1983),  p.  All 

7.  R.  Scheabe,  W.  Seifert,  F.  Bugge,  R.  Bindemann,  V.  F.  Agekyan  and  S.  V.  Pogarev, 

Solid  State  Commun.  55,  167  (1985);  X.  Liu,  M.-E.  Pistol,  L.  Samuelson,  S.  Schwetlick 
and  W.  Seifert,  Appl.  Phys.  Lett.  56,  1451  (1990). 

8.  W.  Shan,  W.  Walukiewicz,  J.  W.  Ager  III,  E.  E.  Haller,  J.  F.  Geisz,  D.  J.  Friedman,  J.  M. 
Olson  and  S.  R.  Kurtz,  Phys.  Rev.  Lett.  82,  1221  (1999). 

9.  W.  Shan,  W.  Walukiewicz,  K.  M.  Yu,  J.  Wu,  J.  W.  Ager  III,  E.  E.  Haller,  H.  P.  Xin,  and 
C.  W.  Tu,  Appl.  Phys.  Lett.  76,  3251  (2000). 

10.  E.  D.  Jones,  N.  A.  Modline,  A.  A.  Allerman,  S.  R.  Kurtz,  A.  F.  Wright,  S.  T.  Tozer,  and 
X.  Wei,  Phys.  Rev.  B  60,  4430  (1999). 

1 1.  T.  Mattila,  S.-H.  Wei,  and  A.  Zunger,  Phys.  Rev.  B  60,  R1 1245  (1999). 

12.  P.  R.  C.  Kent  and  A.  Zunger,  Phys.  Rev.  Lett.  86,  2613  (2001). 

13.  P.  R.  C.  Kent  and  A.  Zunger,  Phys.  Rev.  B  64,  115208  (2001). 

14.  A.  Al-Yacoub  and  L.  Bellaiche,  Phys.  Rev.  B  62,  10847  (2000). 

15.  Y.  Zhang,  A.  Mascarenhas,  H.  P.  Xin,  and  C.  W,  Tu,  Phys.  Rev.  B  61,  7479  (2000). 

16.  Y.  Zhang,  B.  Fluegel,  A.  Mascarenhas,  H.  P.  Xin,  and  C.  W.  Tu,  Phys.  Rev.  B  62,  4493 

(2000). 

17.  D.  G.  Thomas  and  J.  J.  Hopfield,  Phys.  Rev.  150,  680  (1965). 

18.  J.  J.  Hopfield,  P.  J.  Dean,  and  D.  G.  Thomas,  Phys.  Rev.  158,  748  (1966). 

19.  H.  Yaguchi,  S.  Miyoshi,  G.  Biwa,  M.  Kibune,  K.  Onabe,  Y.  Shiraki  and  R.  Ito,  J.  Cryst. 
Growth  170,  353  (1997). 

20.  Y,  Zhang,  A.  Mascarenhas,  J.  F.  Geisz,  H.  P.  Xin,  and  C.  W.  Tu,  Phys.  Rev.  B  63,  85205 

(2001). 

21.  Y.  Zhang,  S.  Francoeur,  A.  Mascarenhas,  H.  P.  Xin,  and  C.  W.  Tu,  Proc.  ICNS-4,  Phys. 
Stat.  Sol.  (b)  228,  287  (2001). 

22.  Y.  Zhang,  A.  Mascarenhas,  H.  P.  Xin,  and  C.  W.  Tu,  Phys.  Rev.  B  63,  R161303  (2001). 

23.  K.  Uesugi,  I.  Suemune,  T.  Hasegawa,  T.  Akutagawa,  and  T.  Nakamura,  Appl.  Phys.  Lett. 
76,  1285  (2000). 

24.  J.  D.  Perkins,  A.  Mascarenhas,  Y.  Zhang,  J.  F.  Geisz,  D.  J.  Friedman,  J.  M.  Olson,  and  S. 
R.  Kurtz,  Phys.  Rev.  Lett.  82,  3312  (1999). 

25.  P.  J.  Klar,  H.  Guning,  W.  Heimbrodt,  J.  Koch,  F.  Hbhnsdorf,  W.  Stolz,  P.  M.  A.  Vicente, 
and  J.  Camassel,  Appl.  Phys.  Lett.  76,  3439  (2000). 

26.  W.  Shan,  W.  Walukiewicz,  K.  M.  Yu,  J.  W.  Ager  III,  E.  E.  Haller,  J.  F.  Geisz,  D.  J. 
Friedman,  J.  M.  Olson  and  S.  R.  Kurtz,  Phys.  Rev.  B  62,  4211  (2000). 


59 


27.  W.  Shan,  W.  Walukiewicz,  K.  M.  Yu,  J.  W.  Agcr  III,  E.  E.  Haller,  J.  F.  Geisz,  D.  J. 
Friedman,  J.  M.  Olson,  S.  R.  Kurtz,  H.  P.  Xin,  and  C.  W.  Tu,  phys.  stat.  sol  (b)  223,  75 
(20001). 

28.  S.-H  Wei  and  A.  Zunger,  Phys.  Rev.  Lett.  76,  664  (1996), 

29.  L.-W.  Wang,  Appl.  Phys.  Lett.  78,  1565  (2001). 

30.  L.  L.  Bellaiche,  S.-H.  Wei,  and  A.  Zunger,  Appl.  Phys.  Lett.  70,  3558  (1997). 

31.  Y.  Zhang,  A.  Mascarenhas,  and  L.-W.  Wang,  Phys.  Rev.  B  63,  R201312  (2001). 

32.  L.  L.  Bellaiche,  S.-H.  Wei,  and  A.  Zunger,  Phys.  Rev.  B  54,  17568  (1996). 

33.  E.  C.  Lightowlers,  J.  C.  North,  and  O.  G.  Lorimor,  J.  Appl.  Phys.  45,  2191  (1974). 

34.  M.  D.  Slurge,  E.  Cohen,  and  K.  F.  Rodgers,  Phys.  Rev.  B  15,  3169  (1977). 

35.  G.  W.  Fehrenbach,  W.  Schafer,  J,  Treusch,  and  R.  G.  Ulbrich,  Phys.  Rev.  Lett  49  1281 
(1982). 

36.  L.  Bellaiche,  N.  A.  Modline,  and  E.  D.  Jones,  Phys.  Rev.  B  62,  15311  (2000). 


60 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  692  ©  2002  Materials  Research  Society 


H2.5 


InAsN  Grown  by  Plasma- Assisted  Gas  Source  MBE 

Ding-Kang  Shih,  Hao-Hsiung  Lin,  and  Tso-Yu  Chu,  National  Taiwan  University,  Dept,  of 
Electrical  Engineering,  Taipei,  Taiwan,  R.O.C. 

T.  R.  Yang,  National  Taiwan  Normal  University,  Dept,  of  Physics,  Taipei,  Taiwan,  R.O.C. 
ABSTRACT 

We  report  the  structural,  electrical  and  optical  properties  of  hulk  InAsN  alloy  with  various 
nitrogen  contents  deposited  on  (100)  InP  substrates  by  using  plasma-assisted  gas  source 
molecular  beam  epitaxy.  It  is  found  that  the  fundamental  absorption  edge  of  InAsN,  as  compared 
to  that  of  InAs,  shifts  to  higher  energy  due  to  Burstein-Moss  effect.  A  dramatic  increase  of  the 
electron  effective  mass  in  a  nitrogen-containing  III-V  alloy  is  also  observed  from  infrared 
reflectivity  and  Hall  measurement  on  these  degenerate  InAsN  samples.  The  sizeable  increase  on 
electron  effective  mass  is  consistent  with  the  theoretical  predictions  based  on  band-anticrossing 
model. 

INTRODUCTION 

Group  Ill-V-nitride  alloys  have  a  very  large  band-gap  bowing  due  to  the  large  valence  electron 
energy  of  the  nitrogen  atom  when  compared  to  other  group  V  atoms  [1].  Over  the  last  few  years, 
there  have  been  numerous  attempts  to  explain  the  large  band  gap  reductions  properties  of  the 
III-V-N  alloys.  It  has  been  demonstrated  recently  that  a  band  anticrossing  (BAC)  model  in  which 
localized  N  states  interact  with  the  extended  states  of  the  conduction  band  can  explain  the 
unusual  properties  of  the  III-V-N  alloys  [2]. 

The  huge  bowing  effect  on  the  band  gap  energy  makes  InAsN  alloy  a  promising  material  for 
infrared  applications.  However,  only  very  limited  efforts  were  put  on  this  materials.  In  this  report, 
we  have  investigated  a  series  of  unintentionally  doped  InAsN  bulk  layers  with  various  N 
contents  grown  on  InP  substrates  by  using  gas  source  molecular  beam  epitaxy  (GSMBE).  We 
found  that  these  samples  are  with  high  residual  carrier  concentration,  which  increases  as  N 
composition  increases.  Furthermore,  the  fundamental  absorption  edge  of  InAsN,  as  compared  to 
that  of  InAs,  shifts  to  higher  energy  due  to  the  Burstein-Moss  (BM)  effect  [3].  To  deduce  the 
‘real’  band  gap  energy  of  our  InAsN  samples,  the  energy  shift  due  to  BM  effect  and  the  band  gap 
narrowing  (BGN)  effect  are  considered  by  using  a  self-consistent  approach  based  on  the  BAC 
model.  After  the  correction,  the  ‘real’  band  gap  energy  of  InAsN  samples  decreases  as  N 
increases,  and  follows  the  bowing  effect  normally.  In  addition,  we  found  a  dramatic  increase  of 
the  electron  effective  mass  in  these  InAsN  alloys,  which  is  consistent  with  the  theoretical 
predictions  based  on  BAC  model. 

EXPERIMENTAL  DETAILS 

The  InAsN  epitaxial  layers  were  grown  on  semi-insulating  InP  substrates  using  GSMBE  with  RF 
plasma  source  as  the  nitrogen  source.  Layers  were  grown  at  460°C  at  a  growth  rate  of  1,5  |a,rn/hr. 
The  ranges  of  RF  power  and  nitrogen  flow  rate  were  from  300W  to  480W  and  from  0.5  to  1 .9 
seem,  respectively.  Detailed  growth  conditions  has  been  described  elsewhere  [4].  The  thickness 
of  InAsN  epitaxial  layer  was  2pm  and  the  nitrogen  composition  of  the  InAsN  sample  was 
determined  from  the  double  crystal  X-ray  diffractometer  (DXRD)  spectra  fittings  by  using  a 
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commercial  dynamic  simulator,  RADS.  The  electrical  and  optical  properties  of  the  samples  were 
investigated  by  using  a  home-made  Hall  effect  system  and  a  Bruker  IPS  120  HR  Fourier 
transform  infrared  (FTIR)  spectrometer,  respectively. 

DISCUSSION 

Fig.l  shows  the  DXRD  rocking  curves  of  In  As  and  InAsN  samples.  As  plasma  power 
increased,  the  diffraction  peak  of  the  InAsN,  as  compared  with  that  of  InAs  sample,  shifts  closer 
to  the  InP  substrate  peak.  It  represents  that  N  was  indeed  incorporated  into  InAs.  The  results 
from  RADS  fitting  were  aLso  listed  in  the  Fig.l.  Although  N  was  added  into  InAs  successfully, 
its  incorporation  also  degrades  the  DXRD  linewidths  as  compared  to  the  referential  InAs.  Table  I 
shows  the  Hall  results  of  the  samples  at  room  temperature.  All  the  undoped  samples  exhibited 
n-type  conduction.  It  was  found  that  the  more  the  N  composition,  the  higher  the  carrier 
concentration.  The  possible  origin  of  the  high  carrier  concentration  in  N-containing  sample  is  not 
quite  clear  at  the  moment.  However,  because  of  the  large  InAs  crystal  lattice  constant  and  the 
small  N  atom  size,  nitrogen  interstitial  defects  could  be  a  possible  candidate.  Furthermore,  since 
the  band  gap  is  very  narrow,  the  defect  levels  in  these  materials  could  be  ‘effective  shallow’  and 
thus  could  be  ionized  to  result  in  high  residual  carrier  concentration.  As  compared  with  other 
samples,  sample  Cl 078  has  the  largest  residual  free  carrier  concentration  and  an  extraordinary 
low  mobility.  According  to  BAG  model,  the  dispersion  relation  of  the  nonparabolic  subbands 
become  flatter  as  the  nitrogen  composition  is  increased.  This  indicates  a  large  increase  of  the 
effective  mass  in  the  subbands.  Furthermore,  the  higher  residual  free  carrier  concentration  in 
sample  C1078  may  make  the  nonparabolic  effect  on  the  subband  more  significant,  and  therefore 
results  in  very  low  mobility.  Fig.  2  shows  the  near  band  edge  absorption  spectra  converted  from 
FTIR  transmission  measurement  at  300K.  Two  points  are  worthy  of  note  from  this  figure.  First, 
the  energy  of  the  absorption  edge  of  InAsN  samples  is  always  higher  than  that  of  InAs.  Second,' 
when  N  composition  is  lower  than  1.6%,  higher  N  composition  results  in  higher  absorption  edge. 
But,  the  trend  reverses  for  InAsN  with  N  composition  larger  than  1.6%.  The  phenomenon  seems 
controversy  to  the  theoretical  prediction.  To  interpret  the  results,  BM  effect  should  be  taken  into 
account  because  of  the  high  residual  carrier  concentration  in  these  InAsN  samples.  Samples  with 
lower  N  composition  have  smaller  effective  mass  and  thus  more  significant  BM  effects.  The  two 
high  N  content  samples,  however,  have  larger  effective  mass  and  thus  their  BM  effects  are  less 
significant.  In  these  two  samples,  C1078  (2.8%)  and  CI077  (1.6%),  the  bowing  effect  on  band 
gap  may  have  overcome  the  BM  effect,  and  results  in  red-shifted  absorption  edge,  though  the 
carrier  concentration  of  the  former  is  five  times  higher  than  that  of  the  latter. 

To  deduce  the  ‘real’  band  gap  energy  of  our  InAsN  .samples,  the  energy  shift  due  to  BM 
effect  and  the  BGN  effect  which  is  always  accompanied  by  the  BM  effect  are  considered  by 
using  a  self-consistent  approach  based  on  the  BAC  model.  As  the  BAG  model  de.scribed,  the 
interaction  of  the  N  states  with  the  extended  states  of  the  .semiconductor  matrix  transforms  them 
into  two  nonparabolic  subbands  E.  and  E+  given  by 

£,(*)  =  t£„  (k)  +  £  J±  V[£,„  (O -  £  J-  +  AVi,  1 ,  (1) 

where  £n  is  the  energy  of  the  N  state,  Em(^)  is  the  dispersion  relation  for  the  conduction  band  of 
the  host  crystal,  and  Vnm  is  the  matrix  element  coupling  those  two  types  of  states.  All  the 
energies  are  measured  relative  to  the  top  of  the  valence  band.  The  downward  shift  of  the  lower 
subband  E.  can  account  well  for  the  reduction  of  the  fundamental  band  gap  observed  in  the.se 
III-V-N  alloys. 
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Figure!.  DXRD  spectra  of  a  series  InAsi-xN*  bulk  samples  with  x  from  0  to 
0.028. 


Energy(eV) 

Figure  2.  Plots  of  the  square  of  the  absorption  coefficient  (a  )  against  the 
photon  energy  deduced  from  300K  IR  transmission  spectra  recorded  on  a 
series  of  InAsi-xNx  bulk  samples  with  x  from  0  to  0.028 

It  is  evident  from  Eq.  (1)  that  the  initial  rate  of  the  N-induced  band  gap  reduction  depends 
on  the  coupling  parameter  Vnm  and  on  the  energy  difference  E^-Eu-  Therefore  the  dependence  of 
En,  Em,  and  Knm  on  the  nitrogen  content  of  the  InAsN  bulk  layer  should  be  duly  taken  into 
account.  Due  to  its  localized  nature  [5],  the  energy  E^  of  the  N  level  in  InAsN  case  can  be 
estimated  1.48  eV  from  the  valence  band  offset,  AEv  (GaAs/TnAs)  =  0.17  eV  [6]  and  £n=1.65  eV 
in  GaAs.  Concerning  the  dispersion  relation  Em(^)  for  the  conduction  band  of  InAs,  we  adopted 
the  calculation  results  of  Ref.  7,  which  is  based  on  triple-band  effective-mass  approximation,  and 
^^^(O)  =  0.35  eV  at  300K.  For  Vnm,  it  has  been  shown  previously  that  the  square  of  the  matrix 
elements  is  proportional  to  the  concentration  of  nitrogen  atoms,  i.  e.,  Vnm=  Cnmx^^,  where  Cnm 
is  a  constant  dependent  on  the  semiconductor  matrix  and  is  treated  as  a  fitting  parameter  in  this 
study. 
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Table  I.  Nitrogen  composition,  carrier  concentration,  plasma  frequency, 
experimental,  and  theoretical  calculated  electron  effective  mass  of  the 
studied  samples. 


Sample 

No. 

N  (%) 

residua! 

carrier  Mobility 

cone.  (cm^W.sec)  (cm  ‘) 

m*  (n>)) 

exp. 

m*  (mi)) 
cal. 

C937 

0 

2.64x10''' 

7660 

- 

- 

0.024  [10] 

Cl  076 

0.5 

1.91x10” 

1740 

471 

0.063 

0.044 

Cl  077 

1.6 

3.24x10"^ 

1280 

590 

0.068 

0.052 

C1078 

2.8 

1.69x10” 

38.1 

617 

0.326 

0.123 

Cl  117 

0.8 

1.21x10” 

2690 

390 

0.055 

0.039 

Cl  118 

1.2 

8.85x10” 

3290 

360 

0.051 

0.036 

Cl  129 

0.1 

9.87x10” 

3530 

395 

0.046 

0.037 

Cl  130 

1.6 

1.69x10"* 

2140 

475 

0.055 

0.043 

C1132 

2.8 

3.08x10'^ 

1010 

593 

0.058 

0.046 

In  our  case,  the  absorption  edge  Eab,  is 

Eabs  =  E.  +  Ebm  “  Ebgn.  (2) 

where  Ebm  is  the  energy  shift  due  to  BM  effect,  Ebgn  is  the  reduction  energy  due  to  BGN  effect. 
To  estimate  Ebm,  wc  solve  the  Fermi  energy  Ei-  in  the  conduction  band  from 
=|/{£.)D(£. where  nn  is  residual  carrier  concentration  from  the  Hall  measurements, 

f(E.)  is  the  Fermi-Dirac  distribution,  and  D(E.)  is  the  density-of- states  function  in  the  lower 

subband  conduction  band,  E.,  The  BM  shift  in  valence  band  is  £  (/.  )_  ,  where  kp  is  Fermi 

2ml 

wave  number  which  is  given  by  k,.  =(37i^fD)'^\  ml  is  the  effective  mass  of  the  heavy-hole.  We 
also  assume  that  the  perturbation  induced  by  nitrogen  on  valence  band  can  be  omitted  in  InAsN. 
The  absorption  from  the  light-hole  band  is  neglected  because  of  its  very  low  density  of  state.  In 
addition,  the  band-gap  narrowing  due  to  band  tails  is  not  considered  either.  Now,  we  have  the 
band-gap  widening  Ebm  for  carrier  concentration  np  as  Ebm  =  Ef  +Ev(kf.^).  Concerning  the  BGN 
due  to  the  residual  carrier,  the  shrinkage  in  energy  is  proportional  to  the  carrier  concentration  and 

an  empirical  relation  [8]  can  be  represented  by  =  where  a,nAsN  is  BGN  coefficient. 

With  a  given  Vnm,  the  lower  subband  E.(k)  can  be  calculated  using  Eq.  (1).  We  treat  the 
parameter  Vnm  as  a  fitting  parameter.  Once  E.(k)  is  determined,  we  can  further  calculate  the 
density  of  state  D(E.)  and  solve  Ef  using  =  j /(EjDiHjc/E..  with  measured  tip.  Ebm  is  thus 

found  by  using  =  and  Ebm  =  Ef  +Ev(kp).  With  the  calculated  E.(k),  we  may  also  find 

2ml 

the  conduction  band  effective  mass,  ,„--±£E.,  where  h  is  Planck’s  constant.  The  BGN 

coefficient  OihAsN  can  also  be  found  as  following  [9]  ai,,AsN=[(ei„AsN/£inAs)(  w^Vv7<A.v)JainA.s , 
where  £inAs(N)  is  the  static  dielectric  constant  of  InAs(N),  and  wc  suggest  that  ei„AsN  =  €i„as  since 
the  nitrogen  composition  is  small  in  the  present  alloy.  For  InAs,  =  0.024m(,,  where  m„is 

the  electron  rest  mass,  and  SjnAs  =  15.15  [10].  Based  on  the  three  effects  proposed  in  Ref.l  1,  the 
estimated  band-gap  renormalization  energy  of  InAs  increases  from  ~40  meV  to  -100  meV  when 
carrier  concentration  increases  from  n~4xlO‘*^cnT-'*  to  ~5xl0'‘^cm-\  By  using  the  empirical 
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formula  =(Xh,As^l^  coefficient  ainAs  should  be  ~2.67xl0'^  meV  cm.  This  value  is 

adopted  in  this  study  to  estimate  ttinAsN  for  the  determination  of  the  energy  shift  caused  by  BGN 
effect.  Once  the  E-,  Ebm,  and  Ebgn  were  determined,  Eabs  was  found  from  Eq.  (2).  If  the 
difference  between  the  calculated  Eabs  and  the  experimental  result  was  larger  than  eV,  a  new 
Vnm  was  chosen  by  using  the  bisection  method  to  calculate  a  new  Eabs- 


Figure  3.  Composition  dependence  of  the  band  gap  of  InAsN,  The  solid  circles  are 
experimental  data  and  the  solid  line  is  calculated  with  the  BAC  model. 

Table  II  gives  the  values  of  the  E.,  Ebm,  Ebgn,  Ef  and  Vnm  obtained  from  the  above 
calculation,  along  with  the  residual  carrier  concentration  No  and  absorption  edge  Eabs  from  the 
experiments.  By  fitting  of  Knm  =  Cnm  x‘^  to  the  plot  of  Vnm  versus  the  square  root  of  nitrogen 
composition  (x*'^),  the  best  fitted  Cnm,  the  coupling  parameter,  in  InAs,  is  1 .92eV. 

Deducting  the  effect  of  Ebm  and  Ebgn  on  the  band  gap  from  the  absorption  peak  edge  gives 
the  corrected  band  gap  energy  E-  of  each  InAsN  sample.  Fig.  3  shows  the  composition 
dependence  of  the  corrected  band  gap  energy  of  InAsN.  It  is  clear  that  the  bowing  effect 
reappears  in  these  samples.  The  solid  line  in  this  figure  represents  band  gaps  calculated  based  on 
BAC  model  carried  out  in  this  study.  As  can  be  seen,  the  experimental  results  are  close  to  the 
theoretical  curve  calculated  from  BAC  model.  The  estimated  transition  energy  shrinkage 
coefficient  of  our  bulk  InAsN  is  -14  meV/at  %. 

Table  n.  A  summary  of  the  computed  and  experimental  energy  involved  in  the 
self-consistent  approach  as  described  in  the  text.  All  energies  are  in  eV. 


Sample 

No. 

{%) 

^abs 

Ef 

Ey{k^.) 

^BGN 

E. 

CI076 

0.5 

0.439 

0.134 

0-013 

0.147 

0.032 

0.324 

C1077 

1.6 

0.439 

0.157 

0.019 

0.176 

0.038 

0.301 

C1078 

2.8 

0.434 

0.255 

0.061 

0.316 

0.061 

0.179 

Cl  117 

0.8 

0.419 

0.106 

0.01 

0.116 

0.028 

0.331 

C1118 

1.2 

0.405 

0.089 

0.007 

0.096 

0.025 

0.334 

Cl  129 

0.1 

0.409 

0.094 

0.008 

0.102 

0.026 

0.333 

Cl  130 

0.5 

0.415 

0.117 

0,012 

0.129 

0.021 

0.317 

C1132 

2.8 

0.423 

0.142 

0.017 

0.159 

0.036 

0.300 
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To  verify  the  effective  mass  increment  predicted  by  BAG  models,  we  performed  measurements 
of  the  infrared  reflectivity  and  Hall  effect  from  which  the  plasma  frequency  q,  and  Hall  electron 
concentration  no  in  these  InAsN  samples  were  determined.  The  plasma  frequency  and  the 
calculated  electron  effective  mass  of  InAsN  samples  are  summarized  in  Table  I.  As  can  be  seen,  a 
very  large  increase  of  the  effective  mass  is  found  in  samples  with  higher  N  composition,  which  it 
is  in  good  qualitative  agreement  with  the  predictions  of  the  BAG  model.  The  electron  effective 
mass  of  the  Cl 078  is  extraordinary  larger  than  other  samples.  This  result  supports  the  arguments 
we  use  to  interpret  the  extraordinary  low  mobility  for  the  same  sample  in  previous  Hall  results. 

CONCLUSION 

InAsN  alloys  with  various  N  compositions  were  successfully  grown  on  InP  substrate  by  using 
plasma-assisted  GSMBE.  When  N  composition  increases,  InAsN  film  has  broader  FWHM  in 
DXRD  .spectrum  and  higher  residual  carrier  concentration.  Dramatic  increase  on  the  electron 
effective  mass  and  decrease  on  the  carrier  mobility  due  to  the  N  incorporation  in  InAsN  alloy 
were  observed.  The  absorption  edge  of  InAsN  alloy,  as  compared  to  that  of  InAs,  shows 
blue-shift  energy.  After  considering  the  energy  shift  due  to  residual  carrier  concentration  from 
the  absorption  peak  edge  based  on  the  band  anticrossing  theory,  the  bowing  effect  reappears  in 
these  InAsN  samples. 
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ABSTRACT 

The  optically  detected  magnetic  resonance  (ODMR)  technique  has  been  employed  to  examine 
the  nature  and  formation  mechanism  of  non-radiative  defects  in  GaNAs  and  InGaAsN.  In  both 
alloys,  two  defects  were  observed  and  were  shown  to  be  deep-level,  non-radiative  recombination 
centers.  One  of  the  defects  has  been  identified  as  a  complex  involving  an  Asca  antisite.  These 
two  defects  gain  more  importance  with  increasing  N  composition  up  to  3%,  presumably  due  to 
an  increase  in  their  concentration.  With  a  fiirther  higher  N  composition,  the  defects  start  to  lose 
importance  in  carrier  recombination  that  is  attributed  to  an  increasingly  important  role  of  other 
new  non-radiative  channels  introduced  with  a  high  N  composition.  On  the  other  hand,  effect  of 
In  composition  up  to  3%  seems  to  be  only  marginal.  Both  defects  were  shown  to  be  preferably 
introduced  in  the  alloys  during  low-temperature  growth  by  molecular  beam  epitaxy  (MBE),  but 
can  be  rather  efficiently  removed  by  post-growth  rapid  thermal  annealing. 

INTRODUCTION 

N-containing  III-V  alloys,  such  as  InGaAsN  and  GaNAs,  are  known  to  exhibit  intriguing 
fundamental  properties  including  giant  bandgap  bowing,  that  has  attracted  much  interest  in 
potential  application  for  near  infrared  optoelectronic  devices  [1].  Unfortunately,  radiative 
efficiency  of  the  alloys  has  been  shown  to  degrade  rapidly  with  N  incorporation  largely 
attributed  to  the  formation  of  competing  non-radiative  defects.  However,  very  little  is  so  far 
known  about  the  nature  of  these  defects  and  mechanism  for  their  formation  in  the  alloys.  In  this 
paper  we  shall  provide  some  physical  insight  to  grown-in  non-radiative  defects  in  GaNAs  and 
InGaAsN  derived  from  optically  detected  magnetic  resonance  (ODMR)  studies. 

EXPERIMENTAL  DETAILS 

Both  GaNAs  and  InGaAsN  alloys  (either  thick  epilayers  or  multiple  quantum  well  structures) 
studied  in  this  work  were  grown  by  gas-source  molecular-beam  epitaxy  (GS  MBE).  The  thick 
GaNAs  (typically  1100  A)  and  InGaAsN  epilayers  (5000  A)  were  grown  at  low  temperatures, 
i.e.  420  °C  and  440  °C,  respectively.  The  N  composition  varies  over  the  range  0-2.3%  whereas 
the  In  composition  is  either  0%  or  3%.  The  7-period  GaAs/GaNAs  (200A/70A)  multiple 
quantum  wells  (MQW),  on  the  other  hand,  were  grown  either  at  a  low  temperature  of  420  °C  or 
at  a  high  temperature  of  580  °C.  To  study  the  effect  of  post-growth  annealing,  a  piece  of  each 
low-temperature  grown  sample  was  treated  by  rapid  thermal  annealing  (RTA)  at  750-850  °C  for 
10-30  seconds  in  a  flowing  N2  ambient. 
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ODMR  experiments  were  performed  at  2-5  K  and  with  two  microwave  frequencies,  i.e.  X- 
band  (9.28-GHz)  and  W-band  (95-GHz),  to  cross-examine  the  contributions  from  various 
defects.  The  samples  were  illuminated  by  the  35 1  nm  line  of  an  Ar-ion  laser  or  a  tunable 
Ti:sapphire  laser,  to  provide  optical  excitation  above  the  GaAs  bandgap  or  below  the  GaAs 
bandgap  (resonant  excitation  of  the  GaNAs  and  InGaAsN  alloys).  The  resulting 
phoioluminescence  (PL)  was  detected  by  a  Ge-detector.  The  modulation  of  the  PL  intensity 
induced  by  the  microwave  radiation  upon  spin  resonance  was  detected  by  a  lock-in  technique, 
giving  rise  to  the  ODMR  signal  [2], 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Nature  of  the  non-radiative  defects 

Figure  1  shows  typical  ODMR  spectra  from  the  GaNAs  and  InGaAsN,  obtained  at  two 
microwave  frequencies.  In  both  alloys,  two  non-radiative  defects  have  been  detected.  The 
arguments  for  the  non-radiative  nature  are:  1)  both  ODMR  signals  are  negative  in  sign,  meaning 
a  spin-resonance  induced  decrease  in  PL  intensity  as  a  consequence  of  enhanced  non-radiative 
recombination  [2-3];  2)  the  ODMR  signal  could  be  detected  via  any  PL  emissions  of  different 
origin  in  the  alloys  [2-3].  One  of  the  ODMR  signals  (i.e.  “1”)  exhibits  resolved  hyperfine 
.structure,  characteristic  for  a  sizable  interaction  between  an  unpaired  electron  .spin  S=l/2  and  a 
nuclear  spin  1=3/2.  This  provides  unambiguous  proof  for  the  involvement  of  a  defect  atom  with  a 
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Figure  1.  Typical  ODMR  spectra  from  the  GaNAs  and  InGaNAs  alloys,  obtained  at 
microwave  frequencies  of  (a)  9.28  GHz  and  (b)  95  GHz.  From  the  ODMR  spectra,  two 
ODMR  signals  (denoted  by  “1”  and  “2”)  can  be  deconvoluted.  The  former  contains  a  four- 
line  hyperfine  structure,  characteristic  for  a  defect  with  an  electronic  spin  S=l/2  (Ms=-l/2, 
+1/2)  and  a  nuclear  spin  1=3/2  (mt=-3/2,  -1/2,  +1/2,  +3/2)  as  illustrated  in  (c)  where  the 
vertical  arrows  depict  the  .spin  resonance  transitions.  The  ODMR  signal  “2”  arises  from  a 
deep-level  defect  with  S=  1/2  and  a  g-factor  of  2.03.  The  lowest  curves  arc  simulated  ODMR 
spectra  assuming  the  involvement  of  an  Asca  antisite  complex. 
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nuclear  spin  1=3/2  in  the  defect  core.  The  only  plausible  candidates  in  the  studied  materials  are 
As  or  Ga  atoms,  both  having  1=3/2  from  the  isotope(s)  with  100%  natural  abundance.  Judging 
from  the  strength  of  the  hyperfine  interaction  by  comparing  to  earlier  results  from  the  parent 
binary  compound  GaAs  and  related  ternary  alloys  [4-10],  however,  it  can  be  concluded  that  the 
ODMR  signal  “1”  arises  most  likely  from  a  complex  defect  involving  an  Asca  antisite.  The  other 
non-radiative  defect  has  an  effective  electronic  spin  S=l/2  and  gives  rise  to  an  isotropic  ODMR 
signal  “2”.  The  exact  chemical  identity  could  not  be  obtained,  unfortunately,  due  to  the  lack  of 
resolved  hyperfine  structure.  The  g-value  of  the  two  defects  was  determined  to  be  both  around  2 
[10],  which  strongly  deviates  from  the  known  values  for  shallow-level  impurities  or  defects  and 
can  therefore  be  regarded  as  support  for  the  deep-level  nature  of  the  defects.  Such  type  of  defects 
is  known  to  act  as  efficient  recombination  centers,  very  often  non-radiative  and  harmful  for 
optical  quality  of  semiconductors.  The  results  from  the  ODMR  investigation  under  resonant 
excitation  of  the  GaNAs  and  InGaAsN  confirmed  that  both  defects  reside  within  the  alloys. 

Formation  of  the  non-radiative  defects 


A  series  of  GaNAs  samples  (both  epilayers  and  MQW)  were  studied  by  ODMR  to  reveal  the 
effect  of  N  incorporation  on  the  formation  of  the  non-radiative  defects.  The  results  from  the  low 
temperature  grown  GaNAs  MQW  are  presented  in  Fig.2.  It  is  rather  apparent  that  the  ODMR 


Figure  2.  ODMR  spectra  at  9.28-GHz  from  the  GaNxAsi.x  MQW  grown  at  420  °C,  as  a 
function  of  N  composition  x.  The  normalized  intensities  of  the  ODMR  signals  “1”  (the  Asca 
antisite  complex)  and  “2”  vs.  x  are  plotted  in  the  inset,  by  the  squares  and  circles, 
respectively. 
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intensity  of  both  defects  increases  with  increasing  N  composition  up  to  about  3  %.  This 
observation  is  believed  to  be  largely  due  to  an  increase  in  the  concentration  of  the  corresponding 
defects.  With  a  further  increase  in  the  N  composition  above  3%,  the  ODMR  signals  start  to 
decrease.  We  believe  that  this  is  more  likely  due  to  a  decreasing  importance  (rather  than  a 
decrease  in  the  concentration)  of  the  studied  non-radiative  defects,  as  a  result  of  new,  more 
efficient  non-radiative  defects  being  introduced  with  increasing  N  composition.  The  exact 
turning-point  value  of  the  N  composition  depends  critically  on  growth  conditions,  such  as  growth 
temperature  and  strain. 

The  effect  of  In  incorporation  in  the  alloys  on  the  formation  of  the  studied  non-radiative 
defects  has,  on  the  other  hand,  been  found  to  rather  marginal  at  least  within  the  range  studied 
(<3%).  This  can  be  seen  from  Fig. 3  where  the  ODMR  spectrum  from  the  InGaAsN  epilayer  is  in 
a  close  comparison  with  that  from  the  GaN  As  epilayer. 

In  contrast,  the  effect  of  growth  temperature  on  the  formation  of  the  studied  defects  is  quite 
dramatic  as  shown  in  Fig.4.  A  significant  reduction  of  the  ODMR  signals  related  to  the  studied 
non-radiative  defects  was  observed  in  the  MQW  samples  grown  at  580  °C  as  compared  to  that 
with  a  similar  N  composition  but  grown  at  420  °C.  This  provides  strong  evidence  that  these 
defects  are  preferably  introduced  during  non-equilibrium  growth  at  the  lower  temperature 
[11,12].  The  studied  non-radiative  defects  can  be  rather  efficiently  removed  from  the  GaNAs  and 
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Figure  3,  ODMR  spectra  at  9.28-GHz  from  the  thick  GaNAs  and  InGaNAs  epilayers  grown  at 
420  ®C  and  440  °C,  respectively.  The  ODMR  intensity  has  been  normalized  to  the  total  PL 
intensity  monitored  in  the  ODMR  experiments,  and  is  given  in  percentages.  The  ODMR 
spectra  from  both  as-grown  and  after  the  post-growth  RTA  treatment  arc  shown. 
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Figure  4.  ODMR  spectra  at  9.28-GHz  from  two  GaNAs  MQW  structures  (with  a  close-match 
in  N  composition)  grown  at  420  °C  and  580  °C,  demonstrating  the  strong  effect  of  growth 
temperature  on  the  formation  of  the  studied  non-radiative  defects. 


InGaAsN  alloys  by  RTA,  see  Fig.3.  This  is  accompanied  by  a  significant  improvement  in  the 
optical  quality  of  the  alloys  [13-16]. 

The  observed  anti-correlation  between  the  ODMR  intensity  and  the  PL  intensity  of  the  alloys 
seems  to  point  out  that  the  studied  defects  may  be  among  the  important  non-radiative 
recombination  centers,  at  least  within  the  ranges  of  the  N  compositions  investigated  in  this  work, 
that  compete  and  degrade  the  radiative  recombination  processes  crucial  for  optoelectronic  device 
applications. 

CONCLUSIONS 

Two  deep-level,  non-radiative  defects  residing  in  the  GaNAs  and  InGaAsN  alloys  were 
detected  in  the  ODMR  experiments.  One  of  them  exhibits  characteristic  hyperfine  structure, 
arising  from  S=l/2  and  1=3/2,  which  suggests  a  complex  involving  the  Asoa  antisite  as  being  the 
most  likely  candidate.  We  have  shown  that  the  introduction  rate  of  these  defects  increases  with 
decreasing  growth  temperature  and  with  increasing  N  composition,  leading  to  an  increasingly 
important  role  in  carrier  recombination  and  thus  in  degrading  optical  quality  of  the  material. 

With  a  further  increase  in  nitrogen  composition  to  4.5%  in  the  GaNAs/GaAs  MQW  structures 
grown  at  low  temperature,  the  ODMR  signals  start  to  decrease  probably  due  to  the  introduction 
of  other  competing  defects  that  overshadow  the  role  of  the  studied  defects  in  carrier 
recombination.  Post-growth  rapid  thermal  annealing  can  significantly  suppress  the  influence  of 
the  studied  non-radiative  defects  in  both  GaNAs  and  InGaNAs  alloys,  accompanied  by  a  drastic 
improvement  in  the  efficiency  of  light  emission. 
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ABSTRACT 

GaN  and  its  related  alloys  are  being  widely  developed  for  blue-ultraviolet  emitting  and 
detection  devices  as  well  as  high  temperature,  high  power,  and  high  frequency  electronics. 
Despite  the  fast  improvement  in  the  growth  of  good  quality  GaN,  a  high  concentration  of  deep 
level  defects  of  yet  unconfirmed  origins  are  still  found  in  GaN.  For  both  optical  and  electronic 
devices,  these  deep  carrier  traps  and/or  recombination  centers  are  very  important  and  must 
therefore  be  understood.  In  the  present  work,  deep  level  defects  in  GaN  grown  on  sapphire 
substrates  by  metal  organic  chemical  vapor  deposition  (MOCVD)  have  been  investigated  using 
Isothermal  Capacitance  Transient  Spectroscopy  (ICTS)  and  Current  Voltage  Temperature  (IVT) 
measurements.  Several  deep  level  electron  traps  were  characterized,  obtaining  the  emission 
energy,  concentration,  and  capture  cross  section  from  a  fit  of  exponentials  to  the  capacitance 
transients.  ICTS  was  also  used  to  reveal  information  about  the  capture  kinetics  involved  in  the 
traps  found  in  GaN  by  measuring  the  amplitude  of  the  capacitance  transient  at  each  temperature. 
At  a  reduced  filling  pulse  where  the  traps  were  not  saturated,  several  of  them  showed  marked 
reduction  in  capacitance  transient  amplitude  when  compared  to  the  transient  amplitude  measured 
under  conditions  where  the  filling  pulse  saturates  the  traps.  This  reduction  in  transient  amplitude 
indicates  that  there  is  a  barrier  to  carrier  capture,  in  addition  to  the  emission  barrier.  It  has  been 
found  that  several  traps  had  capture  barriers  that  were  significant  fractions  of  the  emission 
energies  up  to  0.32  eV.  These  capture  barriers  may  lead  to  persistent  photoconductivity  and 
reduced  trapping.  In  this  paper,  deep  level  emission  energies  as  well  as  capture  barrier  energies 
found  in  MOCVD-grown  GAN  will  be  discussed. 

INTRODUCTION 

In  spite  of  considerable  work  to  develop  gallium  nitride  based  materials,  there  is  still  much 
to  be  done  to  understand  the  nature  of  the  defects.  GaN  is  desirable  for  applications  toward 
higher  density  memory,’  high  power  microwave  devices  and  high  temperature  devices,  and 
UV  photodetection.^'^  Current  studies  of  the  material  include  investigations  of  dopants  to 
increase  the  carrier  activation,^  metallizations  to  reduce  contact  resistance  or  improve  rectifying 
ideality, extensive  efforts  to  improve  the  quality  of  the  epitaxial  material,  and  myriad 
characterization  methods  that  have  been  employed  to  understand  the  origin  and  role  of 
defects. Lack  of  high  quality  lattice-matched  substrates  for  epitaxy  is  receiving  most  of  the 
development  focus.  Epitaxial  growth  on  sapphire  and  silicon  carbide  are  two  of  the  more 
prevalent  methods.  Silicon  substrates  are  also  being  used.  Growth  is  accomplished  by  many  of 
the  common  methods  including  molecular  beam  epitaxy,  metal-organic  chemical  vapor 
deposition  (MOCVD),  vapor  phase  epitaxy,  and  others.  Circumventing  the  high  density  of 
threading  dislocations  has  lead  to  innovative  approaches  such  as  lateral  epitaxial  overgrowth, ’ 
and  pendeo-epitaxy,’^’’’’  but  also  using  thick  buffer  layers,  The  success  of  these  efforts  has 
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been  progressing  steadily,  interspersed  occasionally  with  devices  that  have  demonstrated  record 
performance.  However,  much  of  the  work  has  demonstrated  the  limited  maturity  of  the  material, 
compared  to  other  zincblende  III-Vs.  Current  collapse  in  field  effect  devices  is  one  of  the 
difficulties  that  are  presently  being  addressed.^*' Limited  lifetime  for  lasers  based  on  nitrides 
also  presents  a  vexing  problem.^'^  High  concentrations  and  varied  types  of  defects  are  recognized 
as  the  source  of  these  difficulties.  Understanding  the  characteristics  of  these  defects  is  an 
important  step  in  reducing  their  effects. 

EXPERIMENTAL 

ICTS  diode  preparation 

GaN  films  were  grown  using  MOCVD  technique  using  a  standard  two-step  growth  process, 
beginning  with  a  300  A  GaN  buffer  layer  grown  at  550  "C  on  sapphire  substrates,  followed  by  a 
2  pm  thick  n-type  GaN  test  layer.  Before  contact  fabrication,  the  samples  were  degreased  in 
solvents,  followed  by  an  acid  clean  in  aqua  regia  (HCknitric  acid  =  3: 1)  and  a  dip  in  de- ionized 
water.  Ohmic  contacts  were  made  by  depositing  Ti(400  A)/A1(2000  A),  and  alloying  them  under 
an  N2  atmosphere  at  900  ”C  for  30  seconds  in  a  rapid  thermal  anneal  system.  Schottky  barrier 
diodes  were  made  by  using  a  250  pm  diameter  of  Ni(  1 000  A)/Au(1000  A)  contacts.  Room 
temperature  carrier  concentration  is  ~8xl0'^cm‘\  while  the  room  temperature  mobility  is  250 
cm^/V'sec. 

Deep  level  characterization 

Deep  levels  in  epitaxial  GaN  were  characterized  using  isothermal  capacitance  transient 
spectroscopy  (ICTS)  and  by  current- voltage-temperature  (IVT)  measurements.  The  ICTS 
exp)erimental  setup  uses  a  data  acquisition  board  to  record  the  entire  capacitance  transient,  and 
fits  the  recorded  transients  for  one  or  two  exponential  components.  The  capacitance  is  measured 
using  a  SULA  meter  with  minimum  conversion  time  of  10  psec.  Data  acquisition  is  performed 
by  a  high-resolution  16-bit  National  Instruments  board.  Representative  conditions  are  to  record 
-400  points,  averaged  over  -KXK)  transients  at  each  temperature,  stepping  the  temperature  every 
2-5  K.  The  ICTS  equipment  can  detect  a  deep  level  concentration  of -5x10  '’  n,  and  greater, 
where  n,  is  the  shallow  carrier  concentration.  Once  the  transients  are  acquired,  they  arc  fit  using 
modulating  functions  and  least  squares  analysis^"^  or  commercial  curve  fitting  software.  This 
method  of  exponential  transient  fitting  has  the  capability  of  separating  several  overlapping 
emission  signals.  The  analysis  fits  the  capacitance  as  a  function  of  time,  t,  given  by 

CU)-=I>\exp(^/),  (I) 

where  A/  is  the  squared  amplitude  of  the  transient  due  to  the  energy  level  at  a  given 
temperature.  Ao  is  the  steady  state  value  of  capacitance  squared  with  co=0,  and  e-,  is  the  emission 
rate  of  the  /"energy  level.  The  transients  can  be  fit  for  one,  two,  or  three  exponential 
components.  Then  the  emission  rates  are  taken  from  the  fit  with  the  smallest  least  squares  error 
and  used  to  form  the  Arrhenius  plot.  The  activation  energy  of  the  trap  is  obtained  from  the  slope 
of  the  Arrhenius  plot,  and  the  capture  cross  section  is  obtained  from  the  vertical  axis  intercept. 
The  trap  concentration  is  determined  from  the  amplitude  of  each  transient.  The  method  of 
recording  and  fitting  the  entire  transient  used  here  has  been  shown  to  be  more  accurate  than  rate- 
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window  methods.^^  As  data  acquisition  has  become  faster  and  available  as  an  add-in  board  for 
personal  computers,  the  method  of  recording  and  analyzing  the  entire  transient  is  gradually 
replacing  the  earlier  method  of  rate  windows. 

Typically,  the  trap  energy,  capture  cross  section,  and  concentration  are  reported 
characteristics.  Analysis  assumes  that  the  measured  characteristics  of  the  capture  cross  section 
are  not  dependent  on  temperature.  This  condition  is  met  if  the  filling  pulse  is  long  enough  to 
saturate  the  traps  over  the  temperature  range  of  interest.  However,  several  models  of  capture 
have  been  proposed,  some  of  which  are  temperature  dependent.  More  thorough  investigation  of 
the  capture  cross  sections  of  traps  will  contribute  to  the  better  understanding  of  the  materials,  and 
contribute  to  the  understanding  of  each  of  the  models.  Recording  the  entire  transient  capacitance 
versus  time  and  temperature  facilitates  measurement  of  the  capture  barrier  using  a  single 
temperature  scan.  Otherwise,  several  temperature  scans  must  be  done  using  the  rate  window 
method,  varying  the  filling  pulse  width  each  time.^^  Adding  the  capture  mechanisms  to  the  other 
deep  level  characteristics  that  are  usually  reported  will  provide  more  accurate  information  for 
predicting  carrier  lifetimes  used  in  device  design. 

Among  the  models  for  capture,  three  of  the  more  prominent  capture  processes  are  cascade 
capture,  capture  by  multi-phonon  emission,  and  capture  associated  with  Auger  recombination. 
Lax  proposed  the  model  of  capture  as  an  electron  cascading  through  closely  spaced,  extended 
states.^^  The  carrier  loses  energy  by  emitting  a  phonon  between  each  extended  state.  The 
process  of  cascade  capture  has  negative  temperature  dependence  as  an  exponent  of  temperature, 
T\  A  deeper  Coulombic  level  would  have  lower  energy  levels  spaced  too  far  apart  to  allow 
transitions  accompanied  by  the  loss  of  only  one  phonon.  In  this  case,  simultaneous  emission  of 
multiple  phonons  has  been  shown  to  take  place.^^  As  opposed  to  cascade  capture,  multi-phonon 
emission  has  a  cross  section  that  increases  exponentially  with  increasing  temperature,  with  a 
characteristic  activation  energy.  The  energy  loss  can  be  realized  by  a  relaxation  or  a  distortion  of 
the  lattice.  The  method  used  in  this  paper  to  extract  the  activation  energy  applies  only  to  capture 
barriers  due  to  multi-phonon  emission. 

In  an  ICTS  experiment,  a  filling  pulse  that  saturates  the  trap  is  required  in  order  to  obtain 
accurate  trap  emission  energy  and  capture  cross  section  from  the  Arrhenius  plot.  If  saturating 
conditions  are  achieved,  then  the  trap  depth,  Et,  and  the  capture  cross  section,  (J,  are  obtained 
from  the  slope  and  intercept  of  a  plot  of  the  emission  rate  versus  1/kT,  respectively. 

Alternatively,  the  capture  barrier  can  be  measured  by  using  a  narrower,  non-saturating  filling 


pulse.  The  barrier  for  capture  by  multi-phonon  emission  is  evident  from  the  change  in  the 
amplitude  of  the  capacitance  transient  as  the  temperature  increases. 

The  concentration  of  filled  traps,  Nt\  is 


=  AJ  1-exd 


Nr  is  the  total  trap  concentration,  //is  the  filling  pulse  width,  ou  is  the  high  temperature  capture 
cross  section,  Vti,  is  the  thermal  velocity,  Us  is  the  shallow  carrier  concentration.  Et  is  the 
activation  energy  of  the  capture  process,  k  is  Boltzmann’s  constant,  and  T  is  the  temperature.  In 
practice,  to  measure  the  capture  barrier,  the  temperature  is  set  for  maximum  response  from  the 
trap.  Then  the  pulse  width  is  reduced  until  there  is  a  reduction  in  capacitance  transient 
amplitude,  but  wide  enough  so  that  the  transient  amplitude  is  well  above  the  noise  level.  Next, 
the  transients  are  recorded  at  temperature  steps  covering  the  entire  temperature  range  where  the 
trap  responds.  Equation  (2)  shows  that  as  the  temperature  increases,  the  concentration  of  filled 
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traps  increases  until  the  exponential  term  goes  to  zero  and  the  trap  is  saturated.  The  change  in 
concentration  of  filled  traps  is  reflected  in  the  amplitude  of  the  capacitance  transient. 

Fitting  of  the  capacitance  transients  provides  trap  concentration  versus  temperature,  which 
can  then  be  fit  according  to  equation  (2)  to  obtain  the  capture  barrier  energy.  This  method  is 
similar  to  other  methods  of  measuring  the  capture  barrier  but  doesn’t  require  the  complexities  of 
repeated  temperature  scans  or  elaborate  pulse  shaping.^‘^'^^’ 

Equation  (2)  can  be  reorganized  to  facilitate  extraction  of  the  capture  barrier  energy  using 
the  familiar  Arrhenius  relationship,  as  in  the  analysis  by  Criado,  et  al.: 

ln(l  -  C  /C„)  =  =  exp(-£,  IkT).  (3) 

C  is  the  capacitance  transient  amplitude  at  temperature  T  using  a  filling  pulse  of  width  tf,  Co  is 
the  transient  capacitance  amplitude  for  a  very  long  charging  time,  AT  is  a  proportionality  factor 
that  is  constant  with  temperature.  This  equation  is  appropriate  if  capture  is  by  multi-phonon 
emission. 

RESULTS 

Figure  la  shows  the  ICTS  .spectra  for  the  n-type  GaN  grown  by  MOCVD  under  two 
different  filling  pulse  conditions.  The  filling  pulse  width  was  10  msec  and  50  psec  for  these  rate 
window  plots.  Curve  fitting  analysis  of  the  three  peaks  reveals  four  traps.  The  corresponding 
Arrhenius  plot  is  shown  in  figure  lb.  The  characteristics  of  El  and  E2  are  Et=0.190  cV, 
a=3xI0  '^  cm^,  and  Et=0.253  eV,  0=9x10’"^  cm^,  respectively.  The  peak  at  300K  was 
deconvolved  to  two  traps  labeled  E3  and  E4,  with  characteristics  Ej  =0.548  eV,  0=2x1 0  '‘*  cm^ 
and  Et=0.613  eV,  0=9x1 0  ‘^  cm^  respectively. 

The  result  of  the  I VT  measurements  are  shown  in  figure  2.  The  energy  levels  are  measured 
for  three  values  of  the  reverse  bias,  -1  V,  -2  V,  and  -3  V.  The  dominant  generation  center  from 
IVT  measurements  is  at  0.54  eV.  As  the  reverse  bias  increases,  the  measured  energy  decreases, 
as  shown  in  the  figure.  The  reduction  in  generation  center  energy  with  increasing  reverse  bias 
reveals  the  donor  nature  of  this  deep  level. 

Reducing  the  filling  pulse  from  10  msec  down  to  50  psec  was  used  to  detect  traps  with  a 
temperature  dependent  capture  cross  section.  The  traps  at  E2,  E3  and  E4  all  showed  evidence  of 
a  temperature  dependent  capture  cross  section.  Further  measurements  were  made  for  analyzing 
the  transient  amplitude  as  a  function  of  temperature,  in  order  to  obtain  more  information 
regarding  the  trapping  mechanism. 

Further  evidence  is  shown  in  plots  of  the  concentration  of  filled  traps  as  a  function  of 
temperature,  which  are  obtained  from  the  amplitude  of  the  transients  as  they  change  with 
temperature.  The  amplitude  obtained  for  the  low  temperature  peaks  is  plotted  in  figure  3a  with 
and  without  the  saturating  filling  pulse  for  the  traps  appearing  in  the  rate  window  plot  between 
lOOK  and  175K.  Note  that  trap  El  has  a  higher  concentration  with  a  reduced  filling  pulse  width, 
although  it  is  not  evident  from  the  rate  window  plot  of  figure  1 .  Trap  E2  shows  the  behavior  that 
is  expected  for  reduced  filling  pulse  width,  where  the  curves  merge  at  sufficiently  high 
temperature. 

The  amplitude  data  extracted  from  the  capacitance  transients  between  275K  and  400K  are 
shown  in  figure  3b.  An  interesting  observation  is  that  the  two  traps  show  competing  trapping 
behavior.  Trap  E3  is  filled  at  the  expen.se  of  trap  E4  over  a  broad  range  of  temperature  from  300 
to  340K.  This  behavior  can  be  explained  as  arising  from  a  defect  that  can  trap  two  electrons. 

The  emission  energy  for  the  second  trapped  electron  is  reduced  due  to  Coulomb  repulsion. 
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Figure  1.  a.  Rate-window  plot  for  n-type  GaN  grown  by  MOCVD.  The  rate  window  is  5 1/sec 
b.  Arrhenius  plots  for  n-GaN  grown  by  MOCVD  for  each  peak  in  figure  la. 


Figure  2.  Arrhenius  plot  from  the  IVT  measurements.  The  generation  current  activation  energy 
decreases  with  increasing  reverse  bias. 


TemperatireCKl  Ten,ptratiire{K) 


Figure  3.  a)  Comparison  of  the  transient  amplitude  (concentration)  of  filled  traps  from  a 
saturating  10  msec  filling  pulse  and  a  non-saturating  50  psec  filling  pulse  for  MOCVD  grown 
GaN  for  the  pair  of  peaks  shown  at  low  temperature  in  figure  la.  b)  Capacitance  transient 
amplitude  for  GaN  grown  by  MOCVD.  The  data  corresponds  to  the  peak  near  room  temperature 
in  the  rate  window  plots  of  figure  la.  The  lower  curves  correspond  to  the  0.548  eV  trap  and  the 
upper  curves  correspond  to  the  0.613  eV  trap. 

Capture  barriers  for  the  traps  were  determined  using  equation  3.  Although,  the  signal 
strength  was  not  high  enough  for  analysis  of  the  capture  barrier  for  El  and  E2.  Figure  4  shows 
the  capture  barriers  for  E3  and  E4.  The  trap  E3  at  300K  has  a  capture  barrier  of  0.32  eV  as 
shown  in  the  figure.  Trap  E4,  with  higher  concentration,  has  a  capture  barrier  of  0.12  eV. 

DISCUSSION 

Trap  El  is  very  similar  to  a  trap  that  has  been  attributed  to  a  nitrogen  vacancy.^'-^^  If  El  and 
E2  are  part  of  a  defect  that  can  trap  two  electrons,  the  reduced  filling  pulse  preferentially  fills 
traps  with  one  electron.  A  wider  filling  pulse  should  fill  the  defect  with  two  electrons.  However, 
the  emission  energy  of  the  trap  filled  with  two  electrons  would  be  expected  to  be  lower  due  to 
Coulomb  repulsion.  The  observation  of  higher  occupation  of  the  lower  energy  trap,  E 1 ,  at 
narrow  filling  pulse  with  is  evidence  for  assignment  of  a  negative  U  binding  energy  arrangement, 
where  the  configuration  changes  to  make  the  trapping  of  two  electrons  more  tightly  bound  than 
one  electron.  Trap  E2  has  been  reported  previously  for  several  different  growth  methods, 
although  the  origin  has  not  been  determined.'^'’’ 

Other  studies  of  the  electron  trap  E3  at  0.55  eV  in  various  heterostructures  found  that  the 
density  of  the  trap  does  not  change  much  from  structure  to  structure  or  from  undoped  to  Mg 
doped  p-GaN.’^  It  is  a  commonly  reported  deep  level  in  GaN  grown  under  many  different 
conditions,  suggesting  that  it  is  not  related  to  impurities,’^  ’^  The  coupled  relationship  between 
the  traps  at  0.55  and  0.61  eV  in  the  present  work,  labeled  E3  and  E4,  respectively,  indicate  that 
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the  trap  at  0.55  eV  is  a  defect  complex  with  the  0,61  eV  trap.  Also,  Hullavarad  et  al.  reported 
that  the  0.6  eV  level  has  its  origin  in  nitrogen  vacancies  and  vacancy  clusters.^^ 

The  IVT  measurement  of  a  dominant  generation  center  at  0.54  eV  at  -1  V  corresponds  to  the 
trap  labeled  E4  at  0.61  eV  measured  with  ICTS  at  -1.5  V.  IVT  is  an  equilibrium  measurement, 
where  ICTS  measurements  are  made  under  nonequilibrium  conditions.  Therefore,  IVT  will 
measure  the  energy  difference  between  the  ground  state  of  the  defect  and  the  bottom  of  the 
conduction  band.  The  energy  measured  by  ICTS  is  from  the  ground  state  of  the  defect  to  the  top 
of  the  capture  barrier  energy,  which  is  0.12  eV  for  E4.  The  difference  between  the  emission 
energy  and  the  capture  barrier  energy  measured  by  ICTS  is  thus  0.49  eV,  which  compares  well  to 
a  value  of  0.53+0.05  eV  for  IVT,  when  interpolated  to  -1,5  V.  E4  is  also  expected  to  be  the 
dominant  defect  because  of  its  position  nearest  to  mid-gap,  larger  cross  section,  smaller  capture 
barrier,  and  higher  concentration  compared  to  the  other  traps  that  are  present. 

The  remarkable  feature  of  these  measurements  is  the  common  occurrence  of  capture  barriers 
for  many  of  the  traps.  Several  other  studies  have  also  observed  evidence  for  capture  barriers.  In 
other  work,  four  energy  levels  were  characterized  in  GaN  on  sapphire,  each  of  which  had 
thermal  ionization  energy  less  than  the  value  of  the  optical  ionization  energies.^^  In  that  study, 
an  increase  in  photoionization  cross  section  with  increasing  illumination  energy  was  reported, 
similar  to  the  studies  of  the  DX  center  in  AlGaAs.  The  difference  in  optical  and  thermal 
ionization  energies  and  the  increase  in  photoionization  cross  section  are  due  to  a  lattice 
relaxation  associated  with  a  capture  barrier  for  the  DX  center.  Polyakov,  et  al.  has  also  pointed 
out  that  persistent  photoconductivity  (PPG),  which  is  due  to  the  presence  of  a  capture  barrier,  is  a 
common  feature  in  GaN  and  can  be  responsible  for  the  current  collapse  in  field  effect 
transistors.^^  A  capture  barrier  of  0.2  eV  was  measured  in  their  work,  although  the  associated 
thermal  emission  energy  was  unknown.  The  reason  they  suggested  for  the  capture  barrier  was 

Temperature  (K) 
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Figure  4,  Arrhenius  plots  for  GaN  grown  by  MOCVD.  The  energies  given  are  the  capture 
barriers  for  the  traps  shown  in  Fig.  5. 
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that  it  is  due  either  to  a  lattice  relaxation,  or  to  electrostatic  potential  variations  in  the  samples 
resulting  from  non-uniformly  distributed,  electrically  active  donor  and  acceptor  centers. 

An  alternative  explanation  for  the  prevalence  of  capture  barriers  could  be  offered  by  the 
very  strong  piezoelectric  effect  found  in  GaN.  The  lack  of  inversion  symmetry  in  nitrides  gives 
rise  to  piezoelectric  effects  when  strained  along  [0001],  which  can  be  an  order  of  magnitude 
larger  than  other  III-Vs.'“’  In  addition  to  the  strain  effects,  the  greater  screening  of  defects  by 
surrounding  core  ion  charges,  reflected  by  the  larger  polarizability  in  GaN,  needs  to  be  taken  into 
account.  It  is  possible  that  the  electrons  bound  to  ions  surrounding  the  defect  shift  toward  or 
away  from  the  defect  to  a  greater  extent  than  in  other  III-V  materials,  such  as  GaAs,  creating  a 
potential  barrier.  The  effect  has  been  addressed  in  applications  toward  nitride  quantum  well 
structures,  but  not  for  point  defects  or  defect  complexes.”*' 

CONCLUSION 

Four  electron  traps  were  measured  by  ICTS  in  MOCVD  GaN.  The  deep  levels  arc 
measured  at  El  =0.1 90  eV,  E2=0.253  cV,  E3=0.548  eV,  and  at  E4=0.613  eV.  The  dominant 
generation  center  was  determined  by  IVT  to  be  the  donor  trap  E4.  Changes  in  the  filling  pulse 
width  showed  the  presence  of  capture  barriers  in  several  of  the  traps.  Additional  analyses  were 
performed  to  extract  the  amplitude  of  the  capacitance  transients  as  a  function  of  temperature, 
both  for  saturating  filling  conditions  and  non-saturating  filling  conditions,  in  order  to  obtain  the 
capture  barriers.  El  and  showed  a  behavior  consistent  with  a  defect  center  having  a  negative  U 
binding  energy  arrangement.  Displaying  the  transient  amplitude  as  a  function  of  temperature 
also  revealed  coupled  defect  behavior  between  E3  and  E4  where  E3  was  filled  at  the  expense  of 
the  occupation  of  E4.  Capture  barriers  were  detennined  to  be  0.32  eV  for  E3,  and  0. 1 2  cV  for 
E4.  The  prevalence  of  capture  barriers  is  suggested  to  be  a  basic  property  of  the  nitrides,  which 
may  be  due  to  the  large  polarizability,  requiring  further  study. 
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ABSTRACT 


We  used  near-field  magneto-photoluminescence  scanning  microscopy  to  study 
structural  and  optical  properties  of  quantum-doMike  compositional  fluctuations  in  GaAsN  and 
InGaAsN  alloys.  We  show  that  these  fluctuations  manifest  themselves  by  the  appearance  of 
narrow  emission  lines  (halfwidth  0.5-2  meV)  at  temperatures  below  70K.  We  estimated  the  size, 
density,  and  nitrogen  excess  of  individual  compositional  fluctuations  (clusters),  revealing  phase- 
separation  effects  in  the  distribution  of  nitrogen  in  GaAsN  and  InGaAsN.  We  found  a  dramatic 
difference  in  the  Zeeman  splitting  of  cluster  lines  between  GaAsN  and  InGaAsN,  indicating  a 
strong  effect  of  In  on  the  exciton  g-factor. 

INTRODUCTION 

InvGai-^Asi.vNv  (a:~0-0.08,  y~0-0.05)  alloys  have  recently  attracted  considerable  attention 
as  promising  materials  for  laser  diodes  in  the  1.3  -1.5  pm  range  as  well  as  more  efficient  solar 
cells.  These  applications  exploit  their  unusual  electronic  property  -  a  "giant  bowing"  parameter 
(^~20eV),  which  arises  from  the  large  electronegativity  and  small  size  of  the  nitrogen  [1,2].  In 
our  recent  study  [3]  we  used  temperature-dependent  near- field  magneto-photoluminescence 
spectra  to  observe  the  localization  of  excitons  on  quantum-dot-like  (QD-like)  compositional 
fluctuations  of  Ino.08Gao.92Aso.97Nn.03.  Localization  is  driven  by  the  giant  bowing  parameter  of 
these  alloys  and  manifests  itself  by  the  appearance  of  ultranarrow  lines  (halfwidth  <1  meV)  at 
temperatures  below  70K.  We  used  near-field  magneto-photoluminescence  spectra  for  the 
estimation  of  the  size,  density,  and  nitrogen  excess  of  individual  compositional  fluctuations 
(clusters)  in  InGaAsN,  thus  revealing  random  versus  phase-separation  effects  in  the  distribution 
of  nitrogen. 

In  the  present  paper  we  extend  these  magneto-optical  measurements  together  with 
transmission  electron  microscope  measurements  to  include  GaAsN  alloys  with  the  same  nitrogen 
content,  allowing  us  to  study  the  effect  of  In  incorporation  on  the  optical  and  structural  properties 
of  QD-like  compositional  fluctuation.  We  observed  a  similarity  in  size,  N  content  and  density  of 
QD-like  clusters  in  GaAsN  and  InGaAsN.  However,  Zeeman  splitting  was  not  observed  for 
cluster  emission  lines  in  GaAsN,  indicating  a  strong  effect  of  In  on  the  exciton  g-factor  in 
InGaAsN  alloys. 

EXPERIMENT 

The  GaAsi-yNy  and  In,Gai..vAsi-yNy  (x=0.08,  y=0.03)  samples  used  in  this  study  were 
grown  by  solid  source  molecular  beam  epitaxy  on  (001)  semi-insulating  GaAs  substrates  at 
T=450'’C.  The  layers  with  thickness  of  0.12  p,m  were  sandwiched  between  AlGaAs  layers  of 
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thickness  60  nm  (bottom)  and  14  nm  (top).  The  InGaAsN  layer  consisted  of  a  short  period 
GaAs<).966N().(w/InAs  superlattice  with  individual  layer  thicknesses  of  2.82  and  0.23  nm, 
respectively.  The  structure  was  capped  by  a  20  nm  GaAs  layer  and  annealed  at  710'’C  for  10  min. 
The  far-field  PL  .spectrum  of  the  layers  at  5  K  consisted  of  a  single  broad  band  (halfwidth  j^20 
meV)  with  peak  energy  1.1 1  and  1.09  eV,  similar  to  results  reported  in  the  literature  [4]. 

Near-field  photoluminescence  (NPL)  spectra  with  .spatial  and  spectral  resolution  of  300 
nm  and  0.4  nm  (0.5  meV),  respectively,  were  taken  in  collection-illumination  mode  using 
uncoated  tapered  fiber  tips.  The  spectra  were  excited  by  20  pW  of  Ar  ion  laser  excitation  at 
5 14.5  nm,  measured  in  the  temperature  range  5-300  K  and  magnetic  field  strengths  0-10  T, 

A  cross-.sectional  specimen  was  prepared  for  transmission  electron  microscopy  (TEM)  by 
wedge  polishing  and  Ar  ion  milling  with  liquid  nitrogen  cooling;  the  final  accelerating  energy 
was  500  V.  TEM  observations  were  done  at  200  kV  in  a  Philips  CM30  microscope. 

RESULTS  AND  DISCUSSION 

/  -  Near-field  spectra .  In  Fig.  1  a,  b  wc  present  NPL  spectra  of  our  samples  taken  at  5  K. 
We  see  that  at  T=5  K  the  spectra  reveal  structure,  consisting  of  the  series  of  multiple  peaks 


Figure  1.  Experimental  (thick  solid)  and  multiple  Gaussian  peak  modeling  (dotted  - 
whole  spectra  and  thin  solid  -  constituents)  of  5K  near-field  PL  spectra  of  GaAS(,.97N„.,o  (a) 
and  IruM»sGa<).92As<).97N(),((3  (b).  (c)  shows  the  temperature  dependence  of  the  maximum  of  the 
band  A1  (solid  squares  ~  In(i.onGa<),92As<).97N(M)3,  open  circles  -  GaA.S(i,97N().n3)  measured  in  the 
spectra  and  calculated  using  Varshni’s  expression  [5]  (solid  curve). 
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centered  at  1.108  eV  in  GaAsN  and  at  1.087  eV  in  InGaAsN.  For  both  alloys  a  Gaussian  contour 
decomposition  resolves  up  to  ten  narrow  lines  (}*0.5-2  meV),  denoted  Cl-ClO,  superimposed 
on  the  broader  bands  (}^8-10  meV),  denoted  A1-A3.  We  observed  [3]  that  the  intensities  of  the 
C-lines  decrease  dramatically  with  increasing  temperature,  disappearing  at  ~70K.  In  Fig.  1,  c  the 
temperature  dependence  of  the  energy  maximum  of  the  A1  band  in  GaAsN  and  InGaAsN  is 
shown.  We  can  see  that  this  dependence  is  similar  in  both  alloys.  For  T>100K  the  shift  of  the  A1 
band  energy  follows  the  behavior  typical  for  band  gap  emission  of  a  bulk  semiconductor:  a 
decrease  of  the  emission  energy  with  increasing  temperature  due  to  thermal  expansion,  which  is 
well  described  by  the  Varshni  model  [3,  5].  For  lower  temperatures,  however,  the  A1  band 
shows  an  inverted  behavior,  which  indicates  onset  of  the  carrier  localization.  We  attribute  the  A- 
bands  to  the  emission  of  excitons  localized  on  composition  fluctuations  having  spatial  extent  2r, 
much  greater  than  the  exciton  radius  (rexc)  which  is  ~10  nm  (weak  localization  regime),  and  we 
attribute  the  C-lines  to  emission  of  excitons  localized  on  QD-like  clusters  having  r<rexc  (strong 
localization  regime).  The  difference  between  Varshni’s  model  predictions  and  the  observed 
energy  positions  of  the  emission  lines  for  T<150  (Fig.  1,  c)  gives  the  exciton  localization  energy, 
which  is  equal  to  10-60  meV  for  T=5K. 

a  -  Magneto  NPL  spectra.  We  used  magneto-photoluminescence  measurements  to  estimate  the 
size  of  the  composition  fluctuations.  In  Fig.  2,  a  and  b  we  present  the  magnetic  field  dependence 
of  the  C-lines  in  the  GaAsN  and  InGaAsN  samples.  We  observed  Zeeman  splitting  of  the  C-lines 
in  InGaAsN(  subscript  h  and  1  denote  high  and  low  energy  components  in  Fig2,  b).  The  splitting 
energy  has  values  of  0.6  meV  for  4  T  and  1.7  meV  for  10  T,  which  is  t5T3ical  for  GaAs  [6]  and 
InGaAs  [7]  QDs  and  corresponds  to  an  exciton  g-factor  close  to  two.  However,  we  did  not 
observe  Zeeman  splitting  of  the  C-lines  in  GaAsN  (Fig.2,a);  i.e.  the  g-factor  is  zero.  Since  the 
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Figure  2.  5K  near-field  PL  spectra  of  GaAsN  (a)  and  InGaAsN  (b)  at  magnetic 
field  strengths  B=0,  4,  6,  8,10  T. 
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Figure.  3.  Clu.ster  radius  calculated  from  the  values  of  the  diamagnetic 
coefficient  /?[3]  (open  circles  —  GaAsN,  solid  circles  -  InGaAsN)  versus  emission 
energy  of  C- lines. 

exciton  g  factor  in  bulk  GaN  is  zero  for  a  magnetic  field  parallel  to  the  r-axis  [8],  this 
observation  suggest  a  very  high  N  content  (Av»y)  of  the  clusters. 

In  contrast  to  the  Zeeman  splitting  results,  we  observed  a  clear  diamagnetic  shift  for  the 
C-lines  in  both  GaAsN  and  InGaAsN  alloys.  We  measured  the  value  of  the  diamagnetic 
coefficient  to  be  /f=3-12  //eV/Xl  The  cluster  radius  for  different  emission  energies  deduced 
from  p  [3]  is  pre.sented  in  Fig.  3.  It  has  a  value  12+5  nm  for  InGaAsN  and  9±2  nm  for  GaAsN. 

It  should  be  noted  that  in  GaAsN  for  energy  >1.09  eV  some  C-lincs  have  a  low  energy 
(paramagnetic)  shift  in  the  magnetic  field,  which  reaches  a  value  of  0,4  meV  at  lOT.  The  origin 
of  such  shift  is  not  clear  at  this  lime. 

We  also  find  that  the  A-bands  have  a  diamagnetic  coefficient  of  30-45  peV/T\ 
corre.sponding  to  2r~40-60  nm,  which  is  consistent  with  the  weak  localization  regime. 

Using  a  calculation  of  the  ground  state  energy  of  a  particle  in  a  spherical  confining  region 
[9]  having  a  radius  of  10  nm  and  localization  energy  of  40  meV,  we  calculated  the  value  of  the 
confining  potential  to  be  80  meV  [3].  This  gives  the  average  value  of  the  compositional 
fluctuation  in  the  cluster  to  be  zlv~0.5%. 

For  /  -lO  nm  (80  000  bond.s)  and  4v~'0.5%  Stirling's  formula  (random  alloy)  gives  the 
probability  of  cluster  formation  to  be  as  low  as  lO  '^  This  corresponds  to  a  density  of  the  clusters 
of  2*10  fixn  ^  which  is  too  low  to  de.scribe  the  observation  of  several  emission  cluster  lines  in 
our  experiments  (see  below)  and  sugge.sts  that  the  formation  of  the  clusters  in  our  .samples  is 
spontaneous. 

Hi  -  Near-field  PL  imaging.  The  lateral  distribution  of  the  composition  fluctuations  was 
inve.stigated  using  near-field  PL  scanning  experiments.  These  measurements  also  allow  us  to 
estimate  the  density  of  the  QD-like  clusters  in  our  samples  to  be  100  /rm  -\  which  is  ten  orders  of 
magnitude  higher  than  that  predicted  for  random  alloy. 

Fig.4  presents  .selected  monochromatic  NPL  intensity  images  (scans  a-e)  of  the  2x2  //m 
area  of  the  GaAsN  sample  taken  with  x/y  steps  of  0.2  jjm.  The  NPL  spectra,  measured  at 
positions  having  maximum  intensity  in  .scans  a-e  are  also  presented.  Simultaneous  analysis  of  the 
images  and  the  spectra  shows  that  the  spatial  resolution  of  our  experiments  is  300  nm.  This  is 
clearly  seen  in  images  in  the  upper  left  section  in  scan  c  and  in  scan  e.  The  higher  spatial  scale 
of  the  images  (up  to  600  nm)  as  well  as  their  elongated  character  seen  in  the  scans  a-d  are  due  to 
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Figure  4.  Monochromatic  NPL  intensity  scans  (a-e)  of  a  2x2  fim  area  of  GaAs0.97N0.03 
together  with  NPL  spectra  (arrows  show  detection  wavelength  in  corresponding  scans)  taken 
at  positions  (x,y),  //m:  (0.2, 1.4),  (0.8, 0.4)  and  (1.8, 1.4)  with  maximum  intensity. 

the  overlapping  of  different  lines.  All  scans  presented  (except  scan  e)  show  locations  for  which  at 
least  five  clusters  are  emitting  at  wavelengths  within  1  nm  of  the  detection  wavelength.  Our 
measurements  reveal  a  strong  inhomogeneity  of  the  GaAsN  layer  on  a  length  scale  of  1  //m. 
Indeed,  in  the  scan  c  the  emission  of  the  upper  left  1x1  //m  section  of  the  scan  area  is  dominated 
by  five  clusters  laterally  separated  by  nearly  0.4  //m.  The  emission  wavelengths  of  these  clusters 
occupy  a  very  small  spectral  range  of  ~2  nm,  indicating  small  difference  (narrow  distribution)  in 
the  cluster  size  and  N  content.  In  contrast,  in  the  lower  left  section  the  cluster  separation  is  much 
smaller  (<0.2  nm)  but  their  wavelengths  occupy  spectral  range  ~30  nm  (scans  b-e),  indicating  a 
broad  distribution  of  the  sizes  and  N  content.  Similar  long-scale  inhomogenity  was  observed  in 
the  InGaAsN  sample. 

iv  -  TEM  study.  Additional  evidence  of  cluster  formation  in  our  samples  was  obtained  using 
TEM  measurements.  Fig,  5,  a-c  shows  bright-field  TEM  images  of  GaAsN  and  InGaAsN 
specimens.  All  images  show  diffraction  contrast  variations  which  we  attribute  to  composition 
fluctuations.  In  the  g  =  004  image  of  InGaAsN  (Fig.  5,a)  this  appears  as  a  merging  of  the  several 
super  lattice  layers  and  has  lateral  size  10-30  nm,  which  is  in  a  good  agreement  with  our 
estimation  of  the  lateral  cluster  size  from  near-field  magneto-PL  spectra.  We  found  that  this 
contrast  is  observable  only  at  exactly  the  Bragg  angle  (s  =  0).  Fig.5,b  shows  a  2-20  image  of  the 
same  specimen.  The  contrast  variation  in  this  case  has  a  more  vertical  appearance,  similar  to  that 
observed  in  conventional  III-V  alloys  [10].  It  has  the  same  lateral  size  as  seen  with  004  contrast. 


Figure  5.  Brighi-field  TEM  images  of  In(,.(,HGao,y2As(,.97N(),(n  (a-  004,  b-  2-20)  and 
GaAso.v7No.()3  (c-  2-20)  structure. 

The  contrast  extends  below  the  InGaAsN  layer,  where  a  smaller  amount  of  N  is  present.  Fig.5,  c 
is  a  2-20  image  of  GaAsN,  showing  similar  contrast  to  Fig.5,  b. 

CONCLUSION 

Using  near-field  magnclo-photoluminescence  scanning  microscopy  and  transmission 
electron  microscopy  we  observed  quantum-dot-like  compositional  fluctuations  in  GaAsN  and 
InGaAsN  alloys.  These  fluctuations  manifest  themselves  by  the  appearance  of  narrow  lines 
(halfwidth  0.5-2  meV)  at  temperatures  below  70K.  We  used  near-field  magneto-optical  scanning 
microscopy  for  the  estimation  of  the  size,  density,  and  nitrogen  excess  of  individual 
compositional  fluctuations  (clusters)  and  reveal  phase-separation  effects  in  the  distribution  of 
nitrogen.  A  strong  effect  of  indium  on  the  exciton  g-factor  was  observed. 
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ABSTRACT 


The  influence  of  the  substrate  on  composition  and  CuPt-type  spontaneous  order  of 
MOVPE  lattice  matched  InGaP/GaAs  layers  was  studied.  The  study  was  carried  out  by 
microRaman  and  microphotoluminescence.  The  order  was  determined  by  the  band  gap,  while  the 
Raman  parameters  were  also  contributed  by  the  surface  topography  that  was  also  related  to  the 
type  of  substrate.  The  spontaneous  order  increases  with  Si-  doping  of  the  substrates.  Doping  the 
layers  with  Zn  randomises  the  alloy. 

INTRODUCTION 

InGaP  layers  lattice  matched  to  GaAs  substrates  have  potential  applications  for  electronic 
devices,  e.g.  high  efficiency  tandem  solar  cells,  single  heterojunction  bipolar  transistors,  tunable 
laser  diodes,  etc.  It  has  some  advantages  in  relation  to  AlGaAs  ternary  alloys,  which  are  the  base 
of  many  devices.  Lattice  matched  InGaP  presents  a  direct  band  gap  of  1.9  eV,  which  is 
approximately  equal  to  the  maximum  direct  band  gap  that  can  be  obtained  with  AlGaAs  (Ga 
molar  fraction  of  0.4)  [1].  InGaP  is  insensitive  to  oxygen  and  humidity  inside  the  reactor,  which 
is  a  well  known  cause  of  A1  instability  in  AlGaAs  [2]. 

InGaP  is  affected  by  other  problems,  in  particular  the  composition  control  and  the 
existence  of  an  spontaneous  ordered  phase.  Ini-xGa^P  matches  the  GaAs  lattice  for  x=0.516  at 
room  temperature;  however  due  to  the  large  lattice  and  thermal  mismatches  between  InP,  GaP 
and  GaAs  the  composition  is  critical  to  avoid  residual  strain  in  the  layers  [3].  The  second 
problem  of  interest  regards  the  spontaneous  order.  InGaP  can  appear  under  a  CuPt-type  ordered 
phase  [4,  5].  In  the  ordered  phase  the  cations  are  not  randomly  distributed,  but  seggregate 
spontaneously  into  alternate  (111)  planes  giving  a  CuPt-type  structure  in  the  cation  sublattice. 
This  phase  critically  influences  the  optical  and  electrical  properties  of  InGaP/GaAs  layers.  The 
most  important  is  the  shrinking  of  the  band  gap,  which  can  be  reduced  by  100  meV  for  lattice 
matched  composition  [5,  6].  Also,  the  minority  carrier  lifetime  and  mobility  are  sensitive  to 
cation  order  [6].  The  spontaneous  order  is  related  to  the  growth  method  and  the  specific  growth 
conditions,  such  as  the  substrate  temperature  and  the  V/III  ratio.  The  nature  of  the  susbstrate  is 
shown  here  to  influence  the  properties  of  the  layers. 

We  present  herein  a  detailed  study  of  the  properties  of  InGaP  layers  grown  by  LP-MOVPE 
(Low  pressure  metal  organic  vapor  phase  epitaxy)  on  different  substrates  aiming  to  understand 
the  influence  of  the  substrate  on  the  spontaneous  order.  The  analysis  is  carried  out  by  High 
Resolution  X-Ray  diffraction  (HRXRD),  Atomic  Force  Microscopy  (AFM),  micro-Raman  (p-R) 
and  micro-Photoluminescence  (p-PL). 
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EXPERIMENTAL  AND  SAMPLES 


Layers  were  grown  at  reduced  pressure  (60  mBar)  by  MOVPE  in  a  horizontal  reactor.  The 
precursors  were  trimethylgallium  (TMG),  trimcthylindium  (TMI)  and  Phosphine  (PH3)  and 
Arsine  (AsHj)  as  main  reagents;  arsine  was  diluted  in  hydrogen  (5%).  The  layers  of  InGaP  were 
deposited  on  (100)  GaAs  substrates  cutted  2°  off  towards  the  [110]  axis.  The  growth  conditions 
were  the  same  for  all  runs,  namely  substrate  temperature  of  600°C  and  V/III  ratio  of  159.60 
(rel.u.).  The  substrates  were  either  semiinsulating  (SI)  or  n-type  (Si-doped),  the  doping  level  of 
the  substrate  was  monitored  by  Raman  spectroscopy,  using  the  LO  phonon-plasmon  coupled 
(LOPC)  modes;  samples  B,  D,  I  and  J  were  grown  on  semiinsulating  substrates,  samples  F  and  H 
were  grown  on  Si-doped  substrates  ([Si]>3xl0'”  cm  ').  The  InGaP  layers  were  either  undoped 
(B,  D,  F  and  H)  Si  ( J)  or  Zn  (I)  doped. 

The  AFM  images  show  that  the  surface  morphology  of  the  InGaP  layers  was  determined 
by  the  type  of  substrate,  figure  1.  In  particular,  layers  grown  on  n-type  substrates  present  flat 
surfaces  suggesting  layer  by  layer  growth.  Instead  of  this,  layers  grown  on  SI  substrates 
exhibited  a  rough  surface,  looking  like  an  array  of  parallel  ridges  about  0.2  pm  wide,  which 
exposes  (100),  (101)  and  (1 1 1)  planes. 


Figure  1.  AFM  images  of  samples  grown  on  n-type  substrates  (Si-doped)  (a),  and  semiinsulating 
substrates  (b) 

The  layers  were  investigated  by  HRXRD.  Two  (R=0,7C)  symmetric  004  reflections,  R  being 
the  azimuthal  angle,  have  been  measured  from  each  sample  to  eliminate  the  effect  of  a  possible 
miscut  angle.  All  the  diffraction  profiles  were  recorded  in  the  6>2^scan  mode.  To  estimate  the 
perpendicular  mismatch  (Ad/d)-^  we  used  the  first  order  formula  (Ad/d)-^  =  -AcocotgOfi ,  where  Ob 
is  the  Bragg  angle  of  the  substrate  and  Acoiht  peak  separation  in  arcsec. 

p-R  measurements  were  carried  out  with  a  DILOR  XY  Raman  spectrometer  attached  to  a 
metallographic  microscope.  The  514.9  nm  line  of  an  Ar^  laser  was  focused  onto  the  sample  by 
the  large  numerical  aperture  (NA=0.95)  of  the  microscope  objective,  which  also  collected  the 
scattered  light,  conforming  a  nearly  backscattering  geometry.  In  our  usual  experimental 
conditions  the  laser  beam  diameter  at  the  focal  plane  was  slightly  sub-micrometric. 

Room  temperature  luminescence  spectra  were  obtained  in  the  same  DILOR  XY  Raman 
spectrometer,  thus  warranting  that  the  same  points  of  the  samples  were  measured  in  Raman  and 
Luminescence. 
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RESULTS  AND  DISCUSSION 

The  composition  of  the  layers  was  estimated  from  HRXRD  and  p-R  data.  The 
perpendicular  lattice  mismatches,  (Adld)-^,  estimated  for  the  six  samples  studied  were  positive, 
which  corresponds  to  compressive  mismatch  and  therefore  to  slightly  Ga  rich  stoichiometry,  the 
composition  was  close  to  the  lattice  matched  value  since  the  maximum  value  of  (Adidf  was 
5.101 

p-R  spectra  were  obtained  on  different  points  of  the  samples.  The  p-PL  spectra  were 
obtained  on  the  same  points,  which  allowed  a  correlation  between  both  measurements.  The 
Raman  spectrum  of  InGaP  presents  a  two  mode  behaviour  [7].  It  consists  of  an  LO  phonon  mode 
(GaP  like)  at  380  cm'^  (henceforth  labeled  LOi),  a  TO  phonon  mode  (InP-like,  TO2)  at  330  cm  \ 
which  is  selection  rule  forbidden,  but  is  activated  by  alloy  disorder,  figure  2.  Special  mention 
should  be  paid  to  the  phonon  band  at  365  cm  ‘,  which  has  been  associated  with  the  InP-like  LO 
phonon  (LO2),  the  properties  of  this  band  have  been  reported  to  be  sensitive  to  the  spontaneous 
order.  This  band  seems  to  have  a  complex  character,  in  fact  a  TO  band,  GaP-Iike  (TOO  seems  to 
be  located  in  the  same  spectral  region  [8].  On  the  other  hand,  the  frequencies  and  relative 
intensities  of  the  modes  are  dependent  on  the  composition. 

There  is  a  clear  difference  between  the  Raman  spectra  of  doped  and  undoped  layers.  The 
phonon  bands  are  broadened  and  the  forbidden  TO  band  is  enhanced  in  the  doped  layers.  This  is 
the  consequence  of  the  existence  of  LOPC  modes  [8].  Therefore,  a  comparison  between  the 
Raman  spectra  of  doped  and  undoped  layers  must  be  done  with  caution. 

The  LOi  phonon  can  be  used  to  determine  the  composition  of  the  layers  since  its  Raman 
shift  is  weakly  affected  by  the  spontaneous  order  [7].  The  L0|  phonon  frequency  shifts  almost 
linearly  with  x;  it  increases  by  0.7  cm  '/%Ga,  in  the  lattice  matched  composition  range  [9]. 
According  to  the  X-Ray  data  the  samples  were  slightly  Ga-rich.  This  is  confirmed  by  Raman 
spectroscopy,  since  the  Raman  frequencies  were  all  above  the  Raman  frequency  for  lattice 
matching,  which  is  382  cm’*;  therefore  the  layers  were  slightly  Ga-rich  ('^  52%  Ga).  The  average 
Raman  shifts  measured  are  382.83  cm''(sample  B),  382.85  cm’*  (sample  D),  382.52  cm  *  (sample 
F),  382.37  cm’*  (sample  H),  382.50  cm’*  (sample  1)  and  385.89  cm  *  (sample  J).  Samples  B,  D,  F, 
H  and  I  have  compositions  that  differ  each  other  by  less  than  1%.  Sample  J  presents  a  large 
Raman  shift  that  can  be  interpreted  as  a  Ga  rich  composition  (-55%). 

The  Raman  scattering  is  sensitive  to  the  atomic  arrangement;  in  fact,  spontaneous  CuPt- 
type  order  was  observed  to  influence  the  Raman  spectrum.  An  empirical  relation  between  the 
band  gap  and  the  depth  of  the  valley  between  the  two  LO  peaks  in  the  Raman  spectrum  was 
reported  [10].  The  valley  depth  normalized  to  the  intensity  of  the  LO2  phonon  peak  is  taken  as  an 
order  parameter,  labeled  S,  see  figure  2.  The  existence  of  a  profound  valley  between  the  two  LO 
bands  (high  S)  corresponds  to  a  large  band  gap  (disordered  layer),  a  value  of  0.6  has  been 
reported  for  fully  disordered  specimens.  The  valley  depth  decreases  for  partially  ordered 
samples,  reaching  a  value  of  0.2  for  fully  ordered  samples  [7,10]. 

The  Raman  spectra  were  obtained  at  several  points  of  the  layers  using  the  Raman 
microprobe.  The  Raman  parameters  of  the  spectra,  that  is,  Raman  Shifts  coloi  and  a)L02  and  the 
FWHM  (Full  Width  at  Half  Maximum)  of  the  modes  were  studied  in  relation  to  the  valley  depth 
aiming  to  establish  a  correlation  between  spontaneous  order  and  the  Raman  parameters.  The 
FWHM  of  the  peaks  is  related  to  the  phonon  correlation  length.  In  fact,  the  FWHM  should 
decrease  when  In  and  Ga  are  randomly  distributed  in  the  cation  sublattice  and  will  increase  for 
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clustering  or  in  the  presence  of  the  ordered  phase.  The  FWHM  of  the  LO|  band  was  observed  to 
increase  with  the  valley  depth,  which  is  controversial  with  the  above  interpretation,  A  good 
correlation  is  found  for  the  frequency  splitting  between  both  LO  modes,  Aa)i,o=(C0i,o  1-0)1.02).  and 
the  valley  depth,  figure  3.  The  valley  depth  increases  when  this  splitting  increases.  This  cannot 
be  related  to  composition  changes  since  the  major  contribution  to  this  splitting  is  due  to  the  down 
frequency  shift  of  the  LO2  Raman  band,  the  LOi  band  frequency  remaining  within  the  limits 
determined  by  the  small  composition  variation  above  discussed,  figure  3.  According  to  the  above 
discussion,  a  shift  to  the  low  frequency  of  0)lo2  takes  place  with  a  broadening  of  the  LOi  band. 
These  data  are  only  referred  to  the  undoped  samples,  since  the  .spectra  obtained  for  doped 
samples,  I  and  J,  are  influenced  by  the  LOPC  modes. 


200  300  400 

Raman  shift  (cm*’) 


Figure  2.,  Typical  Raman  .spectra  of  lattice 
matched  InGaP/GaAs.  The  order  parameter,  S, 
is  defined  as  the  valley  depth,  d,  normalized  to 
the  intensity  of  the  LO2  band,  b  (  S=d/b) 


Figure  3..  AcoloCwi.oi-coloi)  (•  )  and 
0)1,02  (InP-like)  (o)  vs  S 


Taking  the  band  gap  as  the  peak  energy  of  the  intrinsic  PL  band  at  room  temperature  one 
obtains  the  following  band  gap  average  energies  for  the  samples:  1.90  eV  (sample  B),  1.87  eV 
(sample  D),  1.85  eV  (sample  F),  1.86  eV  (sample  H),  1.91  eV  (sample  I)  and  1.89  eV  (sample  J). 
The  PL  spectra  were  measured  at  the  same  points  that  the  Raman  spectra. 

The  band  gap  is  al.so  influenced  by  the  layer  composition.  In  the  lattice  matched  region  the 
band  gap  is  enlarged  by  15  meV  for  an  increase  of  0.01  in  the  molar  fraction  of  Ga  [11]. 
However,  the  composition  of  samples  B,  D,  F,  H  and  I  was  ob.scrvcd  to  lay  within  less  than  1% 
percent  interval.  Therefore,  one  can  assume  that  the  band  gap  differences  between  these  samples 
are  mostly  due  to  the  degree  of  spontaneous  order.  Only  the  band  gap  measured  for  sample  J 
could  be  additionally  contributed  by  composition  deviation  from  the  lattice  matched  value, 
according  to  the  Raman  data.  The  largest  band  gap  and  therefore  the  lowest  degree  of 
spontaneous  order  corresponds  to  samples  B  and  I,  followed  by  .sample  D  and  finally  the  higher 
degree  of  order  corresponds  to  samples  F  and  H.  Taking  into  account  the  characteristics  of  the 
samples  one  can  argue  that:  i)  n-type  substrates  benefit  the  spontaneous  order,  the  degree  of 
order  increases  with  the  dopant  concentration  of  the  substrate,  ii)  SI  substrates  reduce  the  degree 
of  spontaneous  order,  iii)  Zn  doping  randomizes  the  alloy,  which  is  a  well  known  propertv  of  Zn 
[12]. 

If  one  plots  the  band  gap  vs  the  order  parameter,  S,  for  the  undoped  samples  one  observes 
that  the  expected  correlation  does  not  appear,  figure  4.  The  samples  with  the  largest  band  gap,  B 
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and  D,  have  small  S,  while  the  samples  with  the  smallest  band  gap  have  higher  values  of  S.  This 
result  is  controversial  with  the  results  reported  by  other  authors.  This  can  be  explained  on  the 
basis  of  the  complex  nature  of  the  Raman  band  labeled  LO2  and  the  surface  topography  of  our 
samples.  The  samples  grown  on  SI  substrates  present  a  rough  topography  with  high  index  planes, 
while  the  topography  of  the  samples  grown  on  n-type  substrates  was  smooth,  see  figure  1.  In  our 
scattering  geometry  the  TO  bands  are  forbidden,  however,  they  can  be  activated  by  either  alloy 
fluctuation  or  the  surface  orientation.  The  presence  of  high  index  planes  in  samples  B  and  D 
should  activate  the  forbidden  TOi  mode,  with  the  corresponding  lineshape  change  of  the  band  at 
365  cm‘‘,  up  to  now  called  LO2,  which  would  result  on  a  reduction  of  S  in  spite  of  the  lower 
spontaneous  CuPt-type  order  of  these  samples.  The  smooth  surface  of  samples  F  and  H  should 
reduce  the  contribution  of  the  forbidden  TOi  mode  to  the  LO2  Raman  band.  An  attentive 
observation  of  the  spectra  of  samples  B  and  D  shows  that  the  decrease  of  S  is  accompanied  by  an 
increase  of  the  intensity  of  the  other  TO  phonon  band  (InP-like,  TO2)  at  330  cm  ^  figure  5, 
which  is  consistent  with  the  activation  of  the  TO  forbidden  modes  and  the  contribution  of  the 
TO]  mode  to  the  value  of  S. 


Figure  4.  S  vs  Eg(nm).  The  line  is  a  guide  Figure  5.  S  vs  Ito2  /Ilo2  ,  TO2  is  the  band  at 
to  the  eye  330cm'' .  The  straight  line  is  a  guide  to  the  eye. 

Finally,  monochromatic  (intrinsic  emission)  intensity  PL  maps  were  obtained  for  the 
different  samples  at  room  temperature.  Intensity  fluctuations  were  observed,  figure  6.  The 
intrinsic  PL  intensity  is  governed  by  the  competition  between  band  to  band  recombination  and 
non  radiative  recombination  at  deep  levels.  Also  a  decrease  of  the  luminescence  intensity  has 
been  reported  (up  to  a  factor  3)  for  the  ordered  phase  [11],  Raman  data  did  not  reveal  significant 
composition  changes  over  a  sample.  However,  a  correlation  between  the  PL  intensity  and  the 
peak  energy  was  observed  in  samples  grown  on  n-type  substrates,  see  Fig.  6.  Therefore,  the  non¬ 
uniformities  of  the  PL  intensity  and  peak  wavelength  can  be  understood  if  one  considers  that  the 
PL  intensity  and  band  gap  energy  changes  are  controlled  by  the  ordered/disordered  volume  ratio 
probed  by  the  laser  beam. 

The  influence  of  the  substrate  on  the  characteristics  of  the  samples  can  be  tentatively 
explained  by  the  change  in  the  lattice  parameter  introduced  by  the  Si  impurities,  since  the  other 
growth  parameters  were  the  same  for  all  the  growth  runs.  The  smooth  layer  by  layer  growth 
allows  the  segregation  of  cations,  while  the  tridimensional  growth  avoids  it. 
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Figure  6.  Monochromatic  PL  map  (room  temperature)  of  sample  F,  (a).  The  bar  is  1  mm.  Ipl  vs 
Eg  measured  in  sample  F  (b). 

CONCLUSIONS 

The  influence  of  the  type  of  substrate  on  the  order  of  lattice  matched  InGaP/GaAs  layers 
was  studied  by  |l-R  and  p-PL.  The  Si  doping  of  the  substrates  benefits  the  ordering,  which  is 
related  to  the  shrink  of  the  band  gap.  The  Raman  parameters  were  demonstrated  to  be  also 
influenced  by  the  surface  topography,  since  the  S  parameter  was  related  to  the  activation  of  the 
forbidden  TOi  (GaP-like)  Raman  mode,  therefore,  S  cannot  be  used  as  a  measure  of  the  order  for 
samples  with  rough  surface.  Spatial  inhomogeneities  were  related  to  the  distribution  of  the 
ordered  /  disordered  domains. 
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ABSTRACT 

Throughout  the  past  years,  significant  progress  has  been  made  in  Type  II 
(InAs/GaSb)  photovoltaic  detectors  in  both  LWIR  and  VLWIR  ranges.  BLIP 
performance  at  60K  for  16pm  photovoltaic  type  II  detectors  has  been  successfully 
demonstrated  for  the  first  time.  The  detectors  had  a  50%  cut-off  wavelength  of  18.8  pm 
and  a  peak  current  responsivity  of  4  A/W  at  80K.  A  peak  detectivity  of 
4.5xlO^‘cm-Hz‘^Vw  was  achieved  at  80K  at  a  reverse  bias  of  1  lOmV.  Detectors  of 
cutoff  wavelength  up  to  25pm  have  been  demonstrated  at  77K.  The  great  performance  of 
single  element  detectors  appeals  us  to  lower  dimensional  structures  for  both  higher 
temperature  performance  and  possible  wavelength  tunability.  Simple  calculations  show 
that  quantum  effects  will  become  significant  when  the  lateral  confinement  is  within  tens 
of  nanometers.  The  variation  of  applied  gate  voltage  will  move  the  electron  and  hole 
energy  levels  unevenly.  The  cutoff  wavelength  of  the  superlattice  will  vary  accordingly. 
Auger  recombination  will  also  decrease  and  higher  temperature  operation  becomes 
possible.  In  this  talk,  the  latest  results  will  be  discussed. 

INTRODUCTION 

In  recent  years,  extensive  research  has  been  done  on  infrared  photodetectors  for 
use  throughout  the  mid  to  very  long  wavelength  (3-25pm)  range.  These  detectors  have  a 
wide  variety  of  military,  medical,  and  industrial  applications.  Uncooled  infrared  (IR) 
detectors  are  required  for  low-cost,  lightweight  sensor  applications.  Commercially 
available  uncooled  IR  devices  use  ferroelectric  or  microbolometer  detectors.  These 
sensors  are  inherently  slow  and  cannot  detect  rapid  signal  changes  needed  for  many 
applications.  Some  of  the  applications  which  require  a  fast  detector  response  time 
(t  <  30  msec)  are:  free-space  communication,  proximity  fuses,  active  infrared 
countermeasure  systems,  non-invasive  medical  monitoring,  and  LIDARs.  Although 
photon  detectors  have  frequency  responses  in  the  megahertz  range,  their  high  temperature 
detectivity  is  severely  degraded  due  to  physical  limitations.  The  existing  infrared  photon 
detectors  can  be  categorized  as  interband,  which  are  mostly  HgCdTe  and  InAsSb,  or 
intersubband  quantum  well  infrared  detectors  (QWIP)[1].  Unfortunately,  fast  Auger 
recombination  rate  in  such  interband  detectors[2]  and  high  thermal  generation  rate  in  the 
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iniersubband  detectors  decrease  their  performance  for  room  temperature  operation 
drastically. 

As  another  alternative  for  infrared  photodetectors,  type-II  superlattices  have  been 
studied  which  were  originally  suggested  by  Sai-Halasz  and  L.  Esaki[3].  In  order  to 
realize  Auger  suppression  at  room  temperature,  we  have  developed  a  new  typc-Il 
superlattice  detector  design[4].  The  experimental  results  show  nearly  one  order  of 
magnitude  lower  Auger  recombination  rate  at  room  temperature  in  such  detectors 
compared  to  typical  intrinsic  (HgCdTe)  detectors  with  similar  bandgap.  Type  II  detectors 
based  on  InAs/GaSb  superlattices  have  shown  the  potential  to  be  the  next  generation  of 
infrared  sensors,  surpassing  HgCdTe  performance  over  a  wide  range  of  optical 
wavelengths.  In  the  VLWIR  range,  photodiodes  based  on  type  II  InAs/GaSb 
superlatlices  with  a  I6|im  50%  cutoff  wavelength  were  reported  with  a  detectivity  of 
1.5xl0”cmHz''^/W  at  80K[5].  Photodiodes  with  a  22|Lim  cutoff  wavelength  have  also 
been  demonstrated  at  80K[6].  Most  recently,  18.8pm  photodiodes  have  shown  a 
detectivity  of  4.5xl0''’cmHz''Vw  at  80K  with  moderate  bias  of-1 10mV[7].  This  will  be 
di.scussed  in  more  detail  below.  In  addition,  uncoolcd  detectors  with  cutoff  wavelengths 
between  8- 1 2pm  have  been  fabricated[8].  Single-element  detectors[9]  show  a  detectivity 
of  l,3xl0**cmHz''^“/W  at  1 1pm  at  room  temperature  which  is  comparable  to 
microbolometers  under  similar  conditions.  However,  the  measured  response  time  of  the 
detector  is  less  than  68  nsec  which  is  more  than  six  orders  of  magnitude  faster  than 
microbolometers. 

With  the  promising  performance  of  single  element  detectors,  researchers  are 
attempting  to  increase  electron  confinement  and  wavelength  tunability  by  moving  to 
detectors  that  make  use  of  quantum  dots.  Most  recently  in  this  field,  others  arc  making 
self-assembled  quantum  dot  infrared  photodctectors  (QDIP).  The  dots  arc  formed  in 
Stranski-Krastanow  growth  mode  in  MBE.  These  detectors  make  use  of  the  intersubband 
transition  for  detection  in  the  wavelength  range  of  8~  12pm.  Peak  detectivity,  D=''  of 
3x10^  cmHz'^^AV  at  lOOK  has  been  reportcdflO].  Instead  of  using  random  self- 
assembled  growth  techniques,  we  plan  to  use  electron  beam  lithography  to  create  regular 
arrays  of  quantum  dot  infrared  detectors.  In  this  paper,  we  show  some  preliminary  results 
towards  this  goal. 

EXPERIMENT 

The  type  II  InAs/GaSb  superlatticc  material  is  grown  by  an  Intcvac  Modular  Gen 
II  molecular  beam  epitaxy  equipped  with  As  and  Sb  valved  cracker  sources  on  p-type 
epi-ready  GaSb  substrates.  This  material  is  used  for  large  area  detectors.  The  photodiode 
structures  were  grown  at  396  °C  according  to  a  calibrated  pyrometer.  First,  a  0.75}j  m 
GaSb  buffer  la^er  doped  with  Be  (p~lxl0”*  cm  ’^)  was  deposited.  Then,  InAs/GaSb:Be 
(p-lxlO  cm'  )  superlatticc  was  grown,  followed  by  a  nominally  undoped  superlatticc. 
Finally,  InAs:Si/GaSb  (n~lxl0'^  cm'^)  superlatticc  was  grown  and  capped  with  InAs:Si 
(/7~lxl0  cm'  )  top  contact  layer.  The  growth  rate  was  0.5  monolayer/s  for  InAs  layers 
and  0.8  monolayer/s  for  GaSb  layers.  The  V/lII  beam-equivalent  prcs.surc  ratio  was  about 
4  for  InAs  layers  and  about  1.2  for  GaSb  layers.  The  cracker  temperature  for  As  and  Sb 
cells  was  800°C.  The  improved  material  growth  was  achieved  by  greatly  reduced  lattice 
mismatch  between  the  superlatticc  and  the  substrate,  as  well  as  reducing  the  growth 
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temperature  for  the  n-type  superlattice  layers.  The  selected  layer  numbers  of  InAs  and 
GaSb  layers  were  determined  for  specific  cutoff  wavelengths  using  an  empirical  tight 
binding  model.  The  lattice  mismatch  was  predicted  by  the  weighted  average  lattice 
constants  of  InAs,  InSb  and  GaSb,  InSb  lattice  constant  is  used  for  the  interfaces 
between  InAs  and  GaSb  layers.  For  devices  with  a  cutoff  wavelength  of  nearly  19pm  at 
80K,  we  used  17  InAs  monolayers  and  7  GaSb  monolayers  for  each  superlattice  period. 
The  predicted  50%  cutoff  wavelength  that  is  18pm  at  77K  closely  agrees  with  the 
experimental  results. 


Figure  1.  (a)  High  resolution  X-ray  diffraction  of  high  quality  InAs/GaSb  superlattice. 
The  lattice  mismatch  between  the  superlattice  and  the  substrate  is  almost  zero,  (b)  AFM 
image  of  the  sample  surface  over  5pmx5pm.  Smooth  atomic  steps  are  very  clear. 

Structural  quality  of  the  epitaxial  layers  was  assessed  using  a  Phillips  high- 
resolution  x-ray  diffraction  system.  Figure  1(a)  shows  the  typical  x-ray  diffraction 
pattern  of  the  photodiode  structures.  The  mismatch  between  the  average  lattice  constant 
of  the  superlattice  and  the  GaSb  substrate  is  below  0.0043%,  while  the  ftill  width  at  half 
maximum  (FWHM)  of  the  zeroth  order  peak  is  below  45  arcsec  for  the  grown  devices. 
The  surface  morphology  of  the  samples  was  studied  with  a  Digital  Instruments 
Nanoscope  Ilia  atomic  force  microscope  (AFM),  The  theoretical  study[l  1]  as  well  as 
experimental  results[12]  show  the  strong  correlation  between  the  surface  roughness  and 
the  performance  of  InAs/Gaj-xInxSb  superlattice  photodiodes.  We  have  achieved  a  root 
mean  square  (RMS)  surface  roughness  below  l.bA  over  an  area  of  20pmx20pm,  which 
is  the  record  for  the  type  II  InAs/Gai.^In^Sb  material  system.  Figure  1(b)  shows  the  gray¬ 
scale  surface  morphology  of  a  sample.  Clear  and  smooth  atomic  steps  are  visible  over  the 
5pmx5pm  scan  area  and  indicate  excellent  surface  smoothness. 

The  processed  detectors  were  attached  to  the  cold  finger  of  a  LakeShore 
Cryogenics  helium  cryostat  with  KRS-5  windows.  The  temperature  was  controlled 
precisely  between  20K  and  lOOK.  Absolute  spectral  responsivity  was  calculated  from  the 
measured  spectral  response  of  the  device  using  the  Mattson  Galaxy  3000  Fourier 
transform  infrared  (FTIR)  spectroscopy  system,  and  its  photoresponse  to  a  calibrated 
blackbody  (Mikron  305)  setup. 
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Figure  2.  (a)  Absolute  current  responsivity  of  the  detectors  at  80K  under  a  reverse  bias  of 
1  lOmV.  The  dotted  lines  are  equal-quantum  efficiency  lines.  The  90%  to  10%  cutoff 
energy  width  is  about  12meV.  (b)  Temperature  dependent  peak  detectivity  at  12  pm 
(50%  cutoff  is  at  18.8  pm  at  80K)  with  optimum  bias  and  zero  bias.  With  a  reverse  bias 
of  1  lOmV,  BLIP  performance  can  be  achieved  at  80K. 


Figure  2(a)  .shows  the  typical  spectral  responsivity  of  the  detectors  with  Xc.50%  = 
18.8pm.  The  absorption  from  CO2  and  H2O  due  to  the  small  difference  in  the  optical  path 
length  of  the  background  measurement  and  the  detector  measurement  is  corrected  from 
the  mea.surements  of  the  air  transmission.  The  peak  responsivity  for  the  sample  is  about 
4A/W  under  a  bias  of  -1  lOmV  at  80K  which  leads  to  a  quantum  efficiency  of  41 .4%  at 
1 2pm.  The  quantum  efficiency  of  the  detectors  is  obtained  by  dividing  the  current 
responsivity  by  its  theoretical  value  which  is  given  by, 

WUh7„,„„=l 

where  X  is  the  wavelength,  e  is  the  electron  charge,  h  is  the  Plank’s  constant,  and  c  is  the 
speed  of  light  in  the  air.  The  use  of  binary  layers  in  the  .supcrlatticc  has  significantly 
enhanced  the  uniformity  and  reproducibility  of  the  energy  gap.  The  90%  to  10%  cut-off 
energy  width  of  these  devices  is  only  about  2  kT,  which  has  been  maintained  very  well 
compared  with  previous  detectors  operating  at  different  cutoff  wavelength[5]. 

The  major  noise  component  at  zero  bias  is  the  Johnson  noise,  and  hence  the 
detectivity  of  the  device  with  current  responsivity  fii  at  temperature  7  can  be  calculated 
from: 


where  Ro  is  the  zero  bias  differential  resistance  of  the  device,  A  is  the  device  area,  and  k  is 
the  Boltzmann  constant.  The  measured  value  for  RiA  product  for  the  detectors  was  about 
0.27Ocm^  at  7  =  50K  which  leads  to  a  Johnson  noise  limited  detectivity  of  about 
3.71xlO'“cm-Hz''^/W.  Under  reverse  bias,  the  l/f  noise  will  show  up.  However  with 
appropriate  modulation  frequency,  this  noise  can  become  negligible.  The  RA  product 
goes  up  to  0.55J2cm  at  80K  and  a  reverse  bias  of  1  lOmV.  This  lead  to  a  Johnson  noise 
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limited  detectivity  of  4.5xlO'”cm-Hz'^AV.  Figure  2(b)  shows  the  calculated  detectivity 
with  optimum  reverse  bias  at  different  temperatures  without  the  1/f  noise  component 
compared  with  those  under  zero  bias.  The  background  limited  infrared  photodetector 
(BLIP)  level  is  achieved  at  temperatures  near  50K  under  zero  bias  and  80K  under  a 
reverse  bias  of  1  lOmV. 
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Figure  3.  Comparison  between  measured  dark  current  density  and  modeled  dark  current 
density  components  at  80K.  At  reverse  bias  below  lOOmV,  the  dominant  dark  current  is 
the  diffusion  current. 

The  50%  cutoff  wavelength  decreases  from  19. 1pm  at  90K  to  17.6pm  at  20K 
representing  the  temperature-dependent  changing  in  bandgap  of  5.5meV.  For  HgCdTe 
detectors  of  a  similar  cutoff  wavelength,  this  change  is  about  23meV  in  the  opposite 
direction  and  more  than  four  times  larger,  calculated  from  Ref.  [13].  In  order  to  study  the 
major  components  of  the  dark  current  at  T  =  80K,  the  current-voltage  characteristic  of 
the  devices  was  modeled.  Although  the  active  layer  of  these  devices  consists  of  short 
period  superlattices,  bulk-based  modeling  of  the  dark  current  has  been  proven  to  give 
relatively  aecurate  results  [8,14,15].  We  use  an  improved  algorithm  and  more  accurate 
calculations  from  Matlab  based  on  formalism  reported  in  Ref.  [8].  Figure  3  shows  the 
measured  and  modeled  current  densities  versus  the  applied  bias  for  devices  with  Xc.50%  = 
18.8pm.  The  calculated  current  density,  which  consists  of  tunneling,  generation 
recombination,  and  diffusion  current  densities,  shows  good  agreement  to  the  measured 
values  for  forward  and  reverse  biases.  We  assumed  an  effective  mass  of  m^=0.03/no  for 
electrons  and  mh=OAmo  for  holes  based  on  previous  theoretical  calculations[l  1]  and 
experimental  results[14, 16].  Based  on  the  experimental  measurements  on  similar 
devices[17],  we  also  assumed  an  electron  mobility  parallel  to  the  growth  direction  of 
/<£,=  !  000  cm^A^s.  The  mobility  of  the  holes  is  not  significant  in  the  diffusion  current, 
since  the  device  has  an  n^-p  junction.  The  fitting  parameters  for  the  model  were  carrier 
lifetime  Te  =  T;,=24ns,  unintentional  background  doping  level p~lxl0'^cm'^,  and 
generation-recombination  lifetime  in  the  depleted  layer  of  =  0.4ns.  In  contrast  to 
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HgCdTe,  tunneling  is  not  significant  even  at  high  values  of  the  reverse  bias  due  to  the 
higher  effective  mass  of  the  electrons  in  lype-II  superlattices.  At  low  reverse  bias,  the 
dark  current  is  dominated  by  diffusion  current  at  80K.  The  generation-recombination 
current  begins  to  take  over  at  reverse  bias  over  lOOmV.  The  value  of  RiA  product  versus 
temperature  shows  a  diffusion  limit  behavior  down  to  nearly  50K,  and  then  a  generation- 
recombination  limit  behavior  from  50K  to  35K.  Below  35K,  the  value  of increases 
even  slower.  The  ideality  factor  of  the  device  was  nearly  1  for  small  values  of  forward 
bias  at  80K. 

These  large  area  detector  results  encourage  us  to  move  forward  towards  higher 
performance  quantum  dot  devices.  We  pursued  a  novel  method  unlike  the  commonly 
used  "self  assembled"  technique  that  can  produce  high  quality,  highly  uniform  quantum 
dot  structures  using  electron  beam  lithography.  These  detectors  use  interband  transitions 
in  type  II  InAs/GaSb  superlatticc  materials  to  achieve  higher  operating  temperatures. 

The  type  II  band  alignment  in  between  InAs  layers  and  GaSb  layers  directly  lead  to  lower 
Auger  recombination  rate.  As  the  semiconductor  dots  get  smaller,  usually  in  tens  of 
nanometer,  the  quantum  confinement  effect  will  become  significant  and  energy  levels 
will  become  increasingly  discrete.  This  will  decrease  the  matching  energy  levels  for 
Auger  recombination  dramatically  and  much  higher  operating  temperatures  could  be 
achieved.  The  material  structure  is  shown  in  Figure  4(a).  By  using  gate  electrodes  to 
apply  a  lateral  electrical  field  to  the  detector,  we  can  further  confine  the  electrons  in 
space,  which  changes  the  available  energy  states  in  the  quantum  dot.  By  assuming  a 
parabolic  potential  well  formed  by  the  gate  voltage,  we  can  calculate  the  electron  energy 
level  shift  as  a  function  of  gate  bias  voltage,  shown  in  Figure  4(b).  Consequently,  we  can 
control  the  detector  cutoff  wavelength  by  several  microns  by  using  applied  voltages  on 
the  order  of  one  volt  as  shown  for  different  sized  detectors  in  Figure  5.  Also  no  surface 
grating  is  necessary  for  these  quantum  dots.  This  reduces  some  of  the  processing  steps 
and,  therefore,  detector  cost.  This  is  a  completely  new  technique  to  realize  quantum  dots. 
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Figure  4.  (a)  Schematic  diagram  of  one  possible  structure  of  the  proposed  quantum  dot 
infrared  detector;  (b)  The  basic  operating  mechanism. 
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Figure  5.  Preliminary  modeling  results  for  the  wavelength  tunability  for  quantum  dots  of 
various  diameters. 


Although  the  basic  idea  of  these  detectors  seems  elementary,  the  fabrication 
techniques  needed  are  of  critical  importance.  The  processing  for  nanometer  sized 
features  is  a  challenge.  The  starting  material  is  a  type  II  InAs/GaSb  superlattice.  Stacks 
of  high  quality  quantum  dots  can  be  developed  by  etching  pillars  and  consequent  oxide 
coating.  In  order  to  achieve  quantum  size  effect,  one  needs  to  confine  the  electrons 
within  tens  of  nanometer.  However,  surface  leakage  current  will  be  a  severe  problem  for 
such  a  small  device,  since  the  ratio  of  the  surface  to  the  volume  increases  dramatically. 
However  by  applying  a  gate  voltage,  not  only  can  the  cutoff  wavelength  be  changed,  the 
electrons  will  also  be  more  confined  to  the  center  and  result  in  less  leakage. 


Starting  material 


Top  Contact  definition 


Dry  etching 


Oxide  deposition  Top  removal  Gate  Formation 

Figure  6.  Interconnection  of  the  pillars  with  advanced  metalization  and  passivation 
techniques. 
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The  sensitive  area  of  such  quantum  pillar  is  very  small  and  many  detectors  need 
to  be  combined  to  serve  as  a  single  detecting  pixel.  Figure  6  shows  the  interconnection 
scheme  which  provides  a  large  detector  area  using  advanced  metalization  and  passivation 
techniques.  A  Leica  LION-LVl  low  energy  e-beam  lithography  system  was  used  to 
produce  top  metal  contacts.  High  quality  metal  contacts  with  diameter  in  the  range  of 
1000  to  lOOnm  were  successfully  defined  on  the  surface  of  the  samples.  Reactive  ion 
etching  (RIE)  was  used  to  produce  uniform  anisotropic  etching  of  the  pillars  through  the 
material.  The  etching  was  designed  for  high  ratio  of  vertical  to  horizontal  etching  rates. 
Figure  7(a)  shows  the  results  of  such  proce.ss  on  the  500nm  diameter  pillars.  The  vertical 
to  horizontal  ratio  is  in  excess  of  five.  We  have  produced  two-dimensional  arrays  of  this 
pillars  with  excellent  uniformity  over  thousands  of  square  micron.  Additionally,  electron 
beam  lithography  was  used  to  create  40nm  diameter  holes  in  PMMA  resist, 
demonstrating  our  high-resolution  capability.  The  atomic  force  microscope  scan  is 
shown  in  Figure  7(b). 


Figure  7.  Current  progress  in  processing  technology,  (a)  Etched  array  of  5(X)nm  GaSb 
dots;  (b)  AFM  image  of40nm  diameter  holes  in  PMMA/GaSb 


Figure  8.  SEM  image  of  the  cleaved  edge  of  a  mesa  covered  by  a  uniform  layer  of 
dielectric  with  a  thickness  of  about  50nm. 
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Passivation  is  one  of  the  most  important  steps  to  control  surface- induced  leakage 
current.  Surface  leakage  originates  from  unterminated,  or  dangling,  bonds  at  the  surface 
of  a  semiconductor.  When  the  tetrahedral  GaSb  or  InAs  lattice  is  abruptly  terminated 
along  a  given  plane  to  form  a  surface,  some  of  the  crystal’s  bonds  are  left  dangling.  The 
formation  of  a  native  oxide  terminates  most  of  the  unsatisfied  bonds,  but  the  remaining 
dangling  bonds  become  interfacial  traps.  These  traps  introduce  energy  levels  in  the 
forbidden  band  gap  at  the  semiconductor-oxide  interface.  They  tend  to  pin  the  Fermi 
level  near  mid-bandgap  and  create  surface  leakage  current.  In  addition,  In203,  the  native 
oxide  formed  on  InAs  or  InSb,  is  a  good  conductor,  which  acts  to  decrease  the  resistance 
for  the  leakage  path  in  photodiode  and  photoconductor  devices.  Therefore  we  need  to 
remove  the  native  oxides  and  deposit  or  grow  a  layer  of  insulating  material  to  terminate 
all  the  dangling  bonds  and  protect  the  surface.  The  key  issues  are  the  uniformity  of  the 
dielectric  and  the  coverage  of  the  device  surface.  We  used  plasma  enhanced  chemical 
vapor  deposition  (PECVD)  techniques  to  form  uniform  layers  of  dielectrics.  Figure  8 
shows  SEM  image  of  a  cleaved  edge  of  a  mesa  covered  with  50nm  Si3N4  layer  by  this 
method. 

Most  of  the  remaining  challenges  with  this  approach  are  processing  related.  For 
instance,  metal  liftoff,  the  standard  process  for  forming  metal  contacts,  is  slightly 
different  for  mesa  diameters  below  lOOnm.  The  surface  adhesion  is  minimal  over  the 
small  detector  area  and  the  evaporated  contacts  tend  to  peel  off  with  the  rest  of  the  metal 
layer.  Additionally,  etching  the  nanopillars  needs  to  be  very  carefully  controlled  with 
small  devices.  It  becomes  more  challenging  to  achieve  high  aspect  ratio  structures  by 
techniques  such  as  reactive  ion-etching,  because  the  high  energy  plasma  tends  to 
isotropically  etch  at  small  dimensions.  However,  technologies  will  be  improved  to 
overcome  these  difficulties. 

CONCLUSION 

We  have  demonstrated  the  initial  success  for  the  processing  technology  of 
quantum  dot  arrays  on  GaSb  substrates.  Highly  uniform  dots  formed  by  electron  beam 
lithography  have  been  successfully  realized.  Surface  passivation  by  depositing  silicon 
nitride  has  also  been  studied.  Because  the  quantum  confinement  effects  lead  to  much 
lower  Auger  recombination  rates,  this  work  may  lead  to  a  new  generation  of  infrared 
detectors  operating  at  much  higher  temperatures  than  previous  technologies. 
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ABSTRACT 

Long-wavelength  infrared  detectors  operating  at  elevated  temperatures  are  critical 
for  imaging  applications.  InAs/GaAs  quantum  dots  are  an  important  material  for  the 
design  and  fabrication  of  high-temperature  infrared  photodetectors.  Quantum  dot 
infrared  photodetectors  allow  normal-incidence  operation,  in  addition  to  low  dark 
currents  and  multispectral  response.  The  long  intersubband  relaxation  time  of  electrons 
in  quantum  dots  improves  the  responsivity  of  the  detectors,  contributing  to  better  high- 
temperature  performance.  We  have  obtained  extremely  low  dark  currents  (Idark=  L7  pA, 
T  =  100  K,  Vbias=  0.1  V),  high  detectivities  (D*  =  2.9x10''  cmHz'^Vw,  T  =  100  K,  Vbias  = 
0,2  V),  and  high  operating  temperatures  (T  =  150  K)  for  these  quantum-dot  detectors. 
These  results,  as  well  as  infrared  imaging  with  QDIPs,  will  be  described  and  discussed. 


INTRODUCTION 

Infrared  detection  is  important  in  a  variety  of  fields,  such  as  military  targeting  and 
tracking,  law  enforcement,  environmental  monitoring,  and  space  science.  Quantum  dot 
infrared  photodetectors  (QDIPs)  have  been  widely  investigated  during  the  past  few  years 
for  operation  in  the  mid- wavelength  (3-5  pm)  and  long-wavelength  (8-14  pm)  infrared 
ranges  [1-13].  Three  of  the  major  advantages  expected  from  QDIPs  over  other  existing 
technologies  are;  (i)  normal  incidence  operation,  eliminating  the  need  for  external 
gratings  and  optocouplers  [5,8,10],  (ii)  high-temperature  operation,  eliminating  the  need 
for  expensive  cooling  systems  presently  used  with  mercury  cadmium  telluride  (MCT) 
detectors  [14,15]  and  quantum  well  inWed  photodetectors  (QWIPs)  [16,17],  and  (iii) 
decreased  dark  current,  increasing  the  background-limited  performance  (BLIP)  of  the 
detector.  Since  InAs/GaAs  quantum  dots  are  grown  by  molecular  beam  epitaxy  (MBE) 
using  the  mature  III-V  technology,  they  are  essentially  defect-free  and  do  not  suffer  from 
the  etch-pit  densities  and  void  defects  that  plague  MCT  detectors.  The  main 
disadvantage  of  the  QDIP  is  the  large  inhomogeneous  linewidth  of  the  quantum  dot 
ensemble  due  to  random  variation  of  dot  size  in  the  Stranski-Krastanow  growth  mode. 

Despite  such  challenges,  QDIPs  are  expected  to  perform  better  at  higher 
temperatures,  especially  when  compared  to  QWIPs,  due  to  the  increased  intersubband 
relaxation  time  between  the  phonon-decoupled  ground  state  and  excited  states,  increasing 
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the  probability  that  a  photoexcitcd  carrier  will  be  collected  as  pholocurrcnt  [9,18-20]. 
This  long  inlersubband  relaxation  lime  in  quantum  dots  results  from  the  existence  of  a 
“phonon  bottleneck”  that  prevents  electron  relaxation  by  a  single  phonon  emission.  Such 
single  phonon  processes  dominate  carrier  scattering  and  relaxation  in  quantum  wells, 
resulting  in  relaxation  times  ~  2-5  ps  [21].  Since,  intersubband  relaxation  in  quantum  dots 
occurs  by  a  multi-phonon  event,  which  requires  the  satisfaction  of  a  stringent  resonant 
condition,  this  process  is  very  slow  (>1  ns).  Differential  transmission  spectroscopy 
(DTS)  [20,22]  and  high-frequency  electrical  impedance  (HFEI)  measurements  [21]  on 
Ino.4Ga(i.6As/GaAs  quantum  dots  and  quantum  dot  laser  diodes,  respectively,  have 
revealed  the  following  picture  of  hot-carrier  dynamics  in  the  conduction  band  of  quantum 
dots,  depicted  in  figure  1.  Electrons  relax  from  the  barrier  to  the  excited  state  in  1-2  ps. 
Electron  relaxation  from  the  excited  state  to  the  ground  state  exhibits  two  time  constants: 
(i)  a  short  time  constant  (~  6-8  ps),  due  to  Auger-like  processes,  intradot  electron-hole 
scattering,  and  multi-phonon  emission  [23];  and  (ii)  a  long  time  constant  (-15-100  ps), 
depending  on  the  temperature  and  excitation  level,  which  is  phonon-mediated  and 
demonstrates  the  phonon-bottleneck  phenomenon.  These  studies  also  demonstrate  that 
the  faster  relaxation  is  a  geminate  process,  wherein  the  injected  electron  and  hole  arc 
captured  in  the  same  dot,  whereas  the  slow  relaxation  process  is  a  non-geminate  process, 
wherein  the  injected  electrons  and  holes  are  captured  in  separate  dots,  by  virtue  of  the 
sample  temperature  or  scattering  processes.  Similar  characteristics  with  respect  to  long 
intersubband  relaxation  times  are  expected  to  exist  in  other  III-V  quantum  dots,  such  as 
the  InAs/GaAs  quantum  dots  used  in  QDIPs. 


X32  =  1-2  ps 


Figure  1.  Schematic  depiction  of  electron  relaxation  times  in  the  conduction  band  of 
Ino.4Ga(i,6As/GaAs  quantum  dots.  The  long  intersubband  relaxation  time  from  level  2  to 
level  1  is  responsible  for  many  of  the  expected  advantages  of  QDIPs. 
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EXPERIMENTAL  DETAILS 


The  InAs/GaAs  quantum  dots  comprising  the  active  region  of  the  vertical  QDIPs 
were  grown  by  solid  source  molecular  beam  epitaxy  (MBE)  using  a  Varian  GEN-II 
machine  with  an  uncracked  AS4  source.  Several  generations  of  the  device  were 
characterized  before  obtaining  the  current  best  performing  detector.  The  different 
conduction  band  profiles  for  these  trial  heterostructures  are  shown  in  figure  2(a).  The 

results  shared  in  this  paper  are  for  the  vertical  QDIP  with  a  single  30%  AlGaAs  barrier  at 

1 8 

the  top  of  ten  InAs/GaAs  quantum  dot  layers.  First,  a  0.5  pm  silicon-doped  (n  =  2x10 
cm‘^)  GaAs  contact  layer  was  deposited  on  a  semi-insulating  (100)  GaAs  substrate  at  a 
growth  temperature  of  620  °C.  Next,  a  250  A  intrinsic  GaAs  buffer  was  grown.  The 
substrate  temperature  was  decreased  to  500  °C,  and  2.2  ML  of  InAs  were  deposited  to 
form  the  quantum  dots.  The  reflection  high-energy  electron  diffraction  (RHEED)  pattern 
was  monitored  during  growth  of  the  dots  in  order  to  observe  the  transition  from  a  layer- 
by-layer  to  an  island  growth  mode  after  about  1.7  ML  of  InAs  deposition.  A  250  A 
intrinsic  GaAs  cap  layer  was  grown  on  top  of  the  InAs  in  order  to  complete  the  quantum 
dot  barrier.  This  sequence  of  growth  was  then  repeated  nine  times  for  a  ten-layer 
InAs/GaAs  quantum  dot  active  region.  After  the  final  GaAs  layer  was  grown,  the 
substrate  temperature  was  increased  to  620  °C,  and  400  A  of  intrinsic  Alo.3Gao.7As  were 
deposited  in  order  to  form  a  current-blocking  barrier  at  the  top  of  the  device.  Finally,  a 
0.1  pm  silicon-doped  (n  =  2x10*^  cm'^)  GaAs  top  contact  layer  was  grown. 

A  standard,  three-step  photolithography  and  wet-etching  technique  was  used  to 
fabricate  the  device.  The  first  step  comprised  Ni/Ge/Au/Ti/Au  metal  evaporation  for  the 
top  ring  contact.  Next,  a  mesa  etch  (~  1  pm)  was  performed  around  the  top  contact  to 
define  the  active  region  for  a  single  pixel.  Finally,  the  metal  evaporation  was  repeated 
for  the  bottom  ring  contact,  which  was  deposited  around  the  device  mesa.  The  device 
was  annealed  at  400  °C  for  approximately  one  minute  in  order  to  make  ohmic  contacts. 
An  SEM  micrograph  of  a  fabricated  device  is  shown  in  figure  2(b). 


Conduction  Band  Profiles 
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Figure  2.  (a)  Conduction  band  profiles  for  various  vertical  QDIP  heterostructures;  and 
(b)  SEM  micrograph  of  a  fabricated  vertical  QDIP  with  an  optical  area  of  2.83x105  mm  . 
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RESULTS  AND  DISCUSSION 


Several  measurements  were  conducted  in  order  to  completely  characterize  the 
vertical  QDIP;  namely,  dark  current,  spectral  response,  noise  spectra/blackbody  response, 
and  dark  current  uniformity  measurements.  These  characteristics  have  been  discussed  in 
detail  previously  [24,25].  In  the  vertical  device,  at  a  detector  temperature  of  100  K,  the 
dark  current  was  1 .7  pA  at  a  bias  voltage  of  0.1  V,  which  is  an  extremely  low  value.  It  is 
evident  that  the  30%  AIGaAs  barrier  in  the  vertical  QDIP  successfully  blocks  dark 
current,  as  shown  in  figure  3(a),  yielding  lower  dark  currents  than  many  other  IR 
detectors.  The  spectral  response  was  obtained  for  a  detector  temperature  of  78  K  in  the 
vertical  QDIP.  The  for  the  response  of  the  vertical  QDIP,  is  3.72  pm,  and  AXA-  is 
0.3,  indicating  a  bound-to-continuum  transition  [5].  An  800  K  blackbody  source  was 
used  to  calibrate  the  absolute  responsivity  of  the  QDIP  to  normally  incident  IR  radiation 
for  the  noise  spectra  and  blackbody  response  measurements.  A  germanium  block  was 
used  at  the  shutter  of  the  blackbody  source  in  order  to  filter  out  near-IR  radiation  (<  1 .8 
pm)  emitted  by  the  blackbody.  The  vertical  QDIP  was  characterized  at  78  K,  100  K,  125 
K  and  150  K,  and  the  best  device  performance  was  measured  at  100  K.  The  maximum 
Rpeak  value  of  2  mA/W  for  a  bias  of  0.3  V  at  100  K  is  relatively  low  when  compared  to 
MCT  detectors  or  QWIPs.  The  low  responsivity  results  from  the  AIGaAs  barrier,  which 
not  only  blocks  dark  current,  but  the  photocurrent  as  well.  Despite  the  low  Rpe^.k,  due  to 
the  low  noise  floor  in  the  devices,  a  maximum  D=’'  of  2.94x1 0‘^  cmHz'^Vw  at  a  bias  of  0.2 
V  is  obtained  at  100  K,  which  is  a  significant  milestone  in  the  performance  of  normal- 
incidence,  vertical  QDIPs,  The  responsivity  and  detectivity  are  shown  in  figure  3(b). 
Another  important  result  is  that  the  normal-incidence,  vertical  QDIP  could  be 
characterized  up  to  a  temperature  as  high  as  150  K  before  the  dark  current  exceeded  the 
phoiocurrent,  resulting  in  a  signal-to-noise  ratio  less  than  one. 


Figure  3.  (a)  Dark  current  density  (A/cm^)  and  (b)  peak  re.sponsivity  and  detectivity  as  a 
function  of  bias  voltage  for  InAs/GaAs  vertical  QDIPs  with  a  30%  AIGaAs  barrier. 


Peak  Responsivity  (A/W) 


The  encouraging  performance  characteristics  of  discrete  QDIPs  motivated  us  to 
explore  their  application  to  imaging  arrays.  The  low-bias  performance  and  simple  device 
structure  of  the  vertical  QDIP  make  it  the  most  readily  adaptable  device  to  currently 
available  silicon  read-out  circuits  for  the  fabrication  of  focal  plane  arrays.  An  important 
factor  in  the  success  of  a  focal  plane  array  is  the  pixel  operability,  which  depends  greatly 
on  the  uniformity  of  a  detector  array.  As  a  preliminary  study,  we  considered  the 
uniformity  of  dark  current  I-V  curves  at  room  temperature  across  a  4x4  vertical  QDIP 
array.  The  mesa  size  was  50  ftm  and  the  pitch  was  100  jam.  An  SEM  micrograph  of  the 
fabricated  array  is  shown  in  figure  4(a).  As  shown  in  the  bubble  diagram  of  figure  4(b), 
the  dark  current  is  fairly  consistent  across  the  array.  The  size  of  the  bubble  represents  the 
magnitude  of  the  dark  current  at  the  different  pixel  positions,  and  there  is  not  a  great 
variation  across  the  array.  This  signifies  that  even  though  quantum  dots  do  suffer  from 
large  inhomogeneous  linewidths  due  to  the  random  Stranski-Krastanow  growth  mode, 
vertical  QDIPs  still  possess  enough  uniformity  to  make  feasible  the  fabrication  of  large- 
area  focal  plane  arrays. 


X  Pixel  Position 

(a)  (b) 

Figure  4.  (a)  SEM  micrograph  of  fabricated  4x4  vertical  QDIP  array  with  50  pm  mesa 
size  and  100  pm  pitch;  and  (b)  bubble  diagram  of  dark  current  magnitude  as  a  function  of 
pixel  position,  demonstrating  uniform  dark  current  across  the  array. 


Keeping  in  mind  that  the  ultimate  goal  of  infrared  detector  work  is  to  develop  an 
IR  imaging  camera,  we  have  attempted  to  image  a  heated  object  with  a  single  device, 
which  we  refer  to  as  single  pixel  imaging.  This  allows  us  to  demonstrate  imaging  with 
QDIPs,  even  though  we  are  still  in  the  process  of  designing  and  fabricating  large  area 
focal  plane  arrays,  which  is  an  expensive  and  time-consuming  endeavor.  In  order  to 
conduct  the  measurement,  we  fabricated  a  13x13  interconnected  vertical  QDIP  array  with 
a  pixel  diameter  of  40  pm  and  a  pitch  of  120  pm.  While  this  is  not  truly  a  single  pixel, 
since  a  single  average  photocurrent  is  obtained  from  the  entire  array,  the  device  behaves 
as  a  single  pixel  with  a  very  large  optical  area.  An  X-Y  pair  of  gold-coated  mirrors 
servo-actuated  by  galvanometers  is  used  to  raster  scan  IR  light  from  the  object  across  the 
QDIP  array.  The  mirror  pair  is  mounted  in  a  bracket  whose  exit  window  is  the  limiting 
aperture  of  the  measurement.  The  QDIP  array  is  mounted  inside  a  cryostat  with  a  KRS-5 
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window,  and  a  lock-in  amplifier  is  used  for  data  acquisition.  The  object  we  chose  to 
image  is  a  graphite  furnace  igniter,  which  becomes  red-hot  when  a  wall  current  is  passed 
through  it.  The  image,  obtained  for  a  detector  temperature  of  80  K,  is  shown  in  figure  5. 
A  very  small  section  of  the  igniter  is  imaged  due  to  the  limiting  aperture  in  the  X-Y 
mirror  bracket. 


Figure  5.  Raster-.scanned  single  pixel  image  of  a  section  of  a  graphite  furnace  igniter 
obtained  at  a  detector  temperature  of  80  K  for  the  vertical  QDIP  hctcrostructurc  with  a 
single  AlGaAs  barrier. 


CONCLUSIONS 

To  conclude,  the  properties  of  a  vertical  InAs/GaAs  QDIP  with  a  single  30% 
AlGaAs  barrier  have  been  investigated.  This  device  demonstrates  very  high  D'*'  values 
and  a  high  operating  temperature  for  normal- incidence.  This  device  is  also  unique  in  that 
its  high  performance  at  low  bias  demonstrates  its  suitability  for  incorporation  in  a  focal 
plane  array  that  uses  commercially  available  silicon  read-out  circuits,  as  demonstrated  by 
a  dark  current  uniformity  measurement  across  a  4x4  vertical  QDIP  array.  The  promise  of 
using  QDIPs  for  infrared  detection  is  al.so  demonstrated  by  the  imaging  of  a  heated  object 
with  a  single  interconnected  QDIP  an  ay.  Wliilc  the  low  responsivity  of  these  devices 
must  be  improved  in  order  to  further  increase  the  performance  of  the  QDIPs,  their  high 
temperature  operation  and  initially  favorable  imaging  properties  certainly  motivate 
further  investigation  and  development. 
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ABSTRACT 

Three  sets  of  self-organized  InAs  quantum  dots  (QDs)  embedded  in  an  external  InGaAs 
quantum  well  samples  were  grown  by  solid  source  molecular  beam  epitaxy  (MBE).  By 
modifying  Indium  composition  profile  within  quantum  well  (QW)  region,  it’s  found  the 
photoluminescence  emission  from  quantum  dots  can  be  greatly  enhanced  when  employing  a 
graded  quantum  well  to  surround  QDs.  This  quantum  dots  in  a  graded  quantum  well  structure 
also  preserves  the  long  wavelength  (1.3  pm)  spectrum  requirement  for  the  future  use  in 
optoelectronics  devices. 

INTRODUCTION 

The  first  GaAs-based  quantum-dot  laser  was  reported  in  1994  [1].  Since  then,  remarkable 
progress  has  been  made  in  the  development  of  this  device.  Edge-emitting  lasers  operating  from 
1.0  to  1.3  pm  with  very  low  threshold  currents  have  been  reported  [2,3,9];  in  addition,  vertical- 
cavity  surface-emitting  lasers  (VCSELs)  have  also  been  successfully  demonstrated  [4], 

There  are  currently  several  approaches  to  grow  1.3  pm  (In,Ga)As  quantum  dots  by  MBE. 
These  include  (i)  the  alternate  supply  of  group-III  and  group-V  source  materials  to  form  the 
(In,Ga)As  dots  [5],  (ii)  very  slow  growth  (<0.01  ML/sec)  of  the  InAs  dots  at  high  substrate 
temperatures  [6],  (iii)  burying  the  InAs  dots  with  an  InGaAs  overlayer  to  reduce  the  strain  [7], 
and  (iv)  embeding  the  InAs  dots  inside  an  InGaAs  quantum  well  [8]. 

Most  quantum-dot  lasers  operating  at  1 .3  pm  appear  to  have  two  major  unresolved  problems: 
a  low  density  of  dots  and  a  weak  carrier  confinement  to  the  active  region.  Both  of  these  problems 
imply  low  optical  gain.  In  fact,  the  low  gain  is  believed  to  prohibit  the  lasers  from  operating  at 
the  ground  state  without  high-reflectivity  coatings  [3,10].  One  approach  to  achieving  tight  carrier 
confinement  is  to  use  growth  method  (iv),  which  embeds  the  dots  in  an  InGaAs  quantum  well.  In 
addition  to  serving  as  a  strain  reducing  (and  hence  a  wavelength  tuning)  layer,  the  InGaAs 
quantum  well  also  serves  to  confine  carriers  within  the  vicinity  of  the  quantum-dot  layer,  thus 
promoting  capture  within  the  dots  [9]. 

In  this  paper,  we  report  a  modified  structure  with  InAs  quantum  dots  embedded  in  a  graded 
InGaAs  quantum  well,  which  not  only  tunes  the  QDs  emission  to  1.3  pm,  but  also  greatly 
enhances  the  photoluminescence  (PL)  efficiency. 

EXPERIMENT 

The  samples  in  our  study  were  grown  in  a  Riber  32P  solid  source  MBE  system  on  semi- 
insulating  (001)  GaAs  substrates.  The  basic  structure  for  PL  study  consists  of  a  250  nm  GaAs 
buffer  grown  at  a  substrate  temperature  of  580°C,  a  90  nm  GaAs  layer  with  a  reduced  substrate 
temperature  at  490°C,  1-2.5  ML  InAs  quantum  dots  symmetrically  sandwiched  in  an  8  nm 
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IiixGai-xAs  layer  and  a  final  90  nm  GaAs  top  layer.  For  Atomic-Force  Microscopy  (AFM), 
samples  with  similar  structures,  but  with  growth  stopped  after  InAs  deposition,  were  grown.  The 
growth  rate  of  the  InAs  dots  was  0.05  ML/sec.  The  substrate  holder  was  continuously  rotated  to 
improve  the  uniformity.  A  Coherent  Argon  ion  laser  (>c=488  nm)  is  used  for  PL  and  the  emitted 
radiation  was  detected  by  a  SPEX  500M  spectrometer  with  a  cooled  Hamamatsu  Ge  detector.  A 
Bomen  MB155S  FTIR  is  used  for  photocurrent  (PC)  measurement  and  a  PSI  AutoProbe  CP  is 
used  for  AFM. 


RESULTS  AND  DISCUSSIOIN 


Fig.  1  shows  the  PL  spectra  of  InAs  QDs  embedded  in  an  8  nm  In^Gai.^As  QW  with  different 
Indium  composition  x  under  different  InAs  deposition.  From  Fig.l,  it’s  seen  that  the  wavelength 
can  be  red  shifted  with  the  increase  of  InAs  deposition.  When  InAs  content  is  increased  to  2.5 
ML,  the  peak  wavelength  of  QDs  in  an  Ino.isGao  K.As  QW  reaches  1.3  pm  but  with  apparent 
decrease  of  PL  intensity,  which  indicates  the  possible  formation  of  defects  in  this  highly  strained 
structure.  Our  best  result  is  from  2.5  ML  InAs  QDs  in  an  Ino.i.sGao.H.sAs  QW. 


Wavelength  (^m) 

Fig.  I.  Room  temperature  photolumincsccnce  spectra  of  InAs  quantum  dots  embedded  in  an  8  nm 
lixGaj.xAs  quantum  well  with  various  InAs  deposition. 


Fig.  2.  Schematic  structure  of  three  different 
sets  of  quantum  dot  .samples. 


Fig.  3.  Room-temperature  PL  spectra  of  QD  samples 
at  an  optical  excitation  level  of~30  W/cm'. 


To  further  study  the  influence  of  Indium  composition  profile  in  the  InxCai.^As  QW,  We 
modify  the  QW  growth.  A  schematic  of  the  generic  structures  is  shown  in  Fig.  2.  Structure  A 
consists  of  2.5  monolayers  of  InAs  QDs  sandwiched  at  the  center  of  an  8  nm  Ino  isGao  ssAs  layer. 
Structure  B  consists  of  2.5  monolayers  of  InAs  QDs  sandwiched  at  the  center  of  an  8  nm  InxGai. 


118 


xAs  layer;  where  the  bottom  half  of  the  In^Gai-xAs  layer  is  graded  from  x  =  0.03  to  x  =  0.3  and 
the  top  half  is  graded  from  x  =  0.3  to  x  =  0.03.  The  change  of  Indium  composition  in  the  graded 
QW  was  achieved  by  gradually  increasing  or  decreasing  the  Indium  cell’s  temperature,  which 
resulted  in  a  curved  shape  of  Indium  distribution.  The  structure  C  is  similar  to  structure  B  except 
that  InAs/GaAs  superlattice  layers  are  used  to  form  a  quasi-linear  indium  distribution  along  the 
growth  direction. 

Room  temperature  photoluminescence  spectra  of  three  typical  samples  A,  B,  and  C  are 
shown  in  Fig.  3.  The  emission  from  the  ground  state  transition  for  all  three  samples  is  at,  or 
beyond  1 .3  pm,  with  sample  C  extending  to  1 .35  pm.  The  spectral  linewidths  at  half-maximum 
intensity  for  these  three  samples  are  A  x  =  48  meV,  A  =  53  meV,  and  A  )^  =  39  meV,  which 
shows  the  inhomogeneous  broadening  in  all  the  samples.  The  grading  of  the  InxGai.xAs  QW 
does  not  have  apparent  effect  on  the  uniformity  of  the  dots.  What  the  grading  appears  to  do  is  to 
improve  the  efficiency  of  emission.  The  peak  intensity  of  sample  C,  for  example,  is  about  8.7 
times  higher  than  that  of  sample  A.  Since  the  only  difference  in  the  three  samples  is  the  structure 
of  the  InxGai-xAs  layer  into  which  the  quantum  dots  are  embedded,  it  is  reasonable  to  speculate 
that  the  enhancement  of  PL  intensity  is  due  to  the  grading.  There  may  be  two  possible  reasons 
that  account  for  this  enhancement.  One  is  that,  in  a  graded  QW,  the  energy  band  is  also  graded; 
this  helps  to  drive  the  carriers  into  the  quantum  well,  and  hence  into  the  quantum  dots.  Because 
of  the  three-dimensional  nature  of  quantum  dots,  the  graded  potential  also  exists  in  the  lateral 
direction;  this  enhances  spatially  carrier  capture  within  the  dots.  The  second  reason  for  the 
enhancement  is  the  smoothing  effect  of  the  InAs/GaAs  superlattice.  The  use  of  superlattice 
causes  smooth  transition  of  the  lattice  parameter  from  the  GaAs  to  the  InAs,  thus  may  help  to 
reduce  the  defects  formation.  The  defects,  if  present,  would  form  loss  channels  in  the  electron- 
hole  recombination  process. 


1000/T  (K  ') 


Fig.  4.  The  Arrhenius  plots  of  the  IPL  intensity  of  sample  A  and  C  at  an  excitation  level  of 
~10  W/cm^.  The  solid  lines  are  fitted  by  the  equation  shown  on  the  figure.  The  inset  is  the 
ratio  of  the  IPL  intensity  of  sample  C  to  that  of  sample  A  as  a  function  of  temperature. 

We  have  further  studied  the  temperature-dependent  integrated  photoluminescence  (IPL) 
intensity  of  samples  A  and  C.  The  Arrhenius  plots  for  these  two  samples  are  shown  in  Fig.  4.  As 
seen  from  the  figure,  photoluminescence  enhancement  of  sample  C  is  more  dramatic  at  higher 
temperatures  (see  the  inset  in  Fig.  4).  We  fit  the  variation  of  the  IPL  intensity  data  with 
temperature  by  a  generic  empirical  relationship  [11]  shown  on  the  figure,  where  Ei  and  E2  are  the 
thermal  activation  energies  for  loss  mechanisms  active  at  certain  temperature  ranges,  k  is  the 
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Boltzmann  constant,  2”  is  the  temperature,  and  C/,  Oand/f^are  fitting  constants.  In  a  physical 
model,  these  constants  would  take  into  account  the  recombination  rates  and  the  geometric 
dimensions  of  the  dots.  In  Fig.  4,  the  solid  lines  arc  the  fitting  curves;  the  filled  circles  and 
squares  represent  experimental  data.  The  extracted  thermal  activation  energies  are  £y=289  meV, 
and  E2=4\  meV  for  sample  A;  and  E  1=255  meV  and  £.=25  meV  for  sample  C.  A  calculation 
(which  we  will  discuss  later)  shows  that  the  energy  difference  between  the  ground  state  in  the 
conduction  band  of  a  dot  and  the  band-edge  of  the  surrounding  (ln,Ga)As  quantum  well  at  300  K 
is  about  317  meV  for  structure  A  and  267  meV  for  sample  C.  These  energy  differences  are  quite 
close  to  the  measured  activation  energies  £/  (which  dominates  the  quenching  at  high 
temperature)  for  sample  A  and  C.  Note  that  the  IPL  intensity  has  a  quenching  threshold 
temperature  —190  K  for  sample  C,  and  —170  K  for  sample  A.  Either  a  fast  trapping  of  carriers  to 
the  QDs  or  a  reduced  loss  channel  around  QW  can  result  in  a  higher  quenching  threshold.  Our 
results  here  are  similar  to  those  of  Ru  et  aJ.  who  used  hydrogen  passivation  (in  order  to  reduce 
the  defect  concentrations  in  their  samples)  to  enhance  the  photoluminescence  emission  [12]. 


a)  Sample  A.  1.2S  by  b)  Sample  C,  1  25  by  1.254m 


Fig.5.  AFM  photo-micrographs  of  the  morphology  of  slruclure  A  and  C. 

We  have  also  examined  the  possible  effects  of  the  grading  on  the  dot  density  and  uniformity. 
Two  structures  similar  to  sample  A  and  C  were  grown  for  AFM  observation.  Figure  5  shows  that 
there  are  no  major  differences  in  the  two  samples.  Sample  A,  for  example,  has  a  dot  density  of 
around  2.5x1  o'^’em'^  while  sample  C  has  a  dot  density  about  2.8x1  o'”cm‘l  The  true  size  of  the 
dots  cannot  be  determined  from  AFM  measurement;  reasonable  estimates,  however,  can  be 
obtained  from  cross-sectional  TEM  studies. 

To  show  that  the  graded  quantum  well  structure  does  not  substantially  modify  the  basic  band 
structures,  we  have  studied  both  the  intensity  dependent  photoluminescence  and  photocurrent  at 
LN2  (78  K)  temperature.  In  Fig.  6,  we  show  the  PL  emission  from  sample  A  and  sample  C  at 
high  pump  levels,  and  in  Fig.  7,  we  show  the  photocurrent  spectra  of  sample  A  and  C  excited  by 
a  broad  band  incident  light  (filtered  by  GaAs).  There  are  clearly  four  transition  energy  peaks  for 
each  sample;  the  peaks  occur  at  almost  identical  locations  for  both  samples.  To  confirm  these 
transition  levels  are  from  QDs,  we  have  carried  out  some  analytical  calculations  to  determine  the 
interband  transition  energies.  These  calculations  require  information  on  the  strain  distribution 
inside  and  around  the  dots.  The  strain  generally  depends  on  the  shape  and  size  of  the  dots,  which 
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are  difficult  to  determine  accurately  in  most  experimental  situations.  For  our  dots,  we  estimate 
their  lateral  base  to  be  around  15  nm;  the  base  to  height  ratio  for  sample  A  is  about  7;  and  it  is 


A  and  C  at  high  optical  pumping  level.  spectra  of  sample  A  and  C. 

5  for  sample  C.  These  estimates  are  based  on  our  earlier  work  on  buried  InAs/GaAs  and 
InGaAs/GaAs  quantum  dots  [13],  and  on  TEM  and  SEM  observations.  The  estimate  on  height  is 
further  corroborated  with  in-situ  RHEED  observations  where  the  thickness  of  an  overlayer 
needed  to  completely  bury  an  array  of  dots  can  give  a  rough  measure  of  the  dot  height.  For  the 
calculations,  we  have  further  assumed  that  the  dots  are  truncated  pyramids. 


Structure 

Data  Source 

Transition  Energy  (eV) 

Low  Temperature  (77K) 

RT 

EO 

El 

E2 

E3 

EO 

A 

Experimental 

1.019 

1.056 

1.102 

1.154 

0.934 

Calculated 

1.0162 

1.0572 

1.0951 

1.1500 

0.9405 

C 

Experimental 

0.987 

1.036 

1.083 

1.139 

0.919 

Calculated 

0.9830 

1.0379 

_ 1 

1.0809 

1.1315 

0.9138 

Table  1.  Experimental  and  calculated  transition  Energies  for  sample  A  and  C 

The  electronic  spectra  here  are  calculated  in  the  envelope  function  approximation  using  an 
eight-band,  strain-dependent  Hamiltonian  based  on  the  k‘p  method  [14].  The  method  takes  into 
account  the  coupling  among  the  light-  and  heavy-hole  bands,  and  the  split-off  valence  bands.  It 
also  includes  the  linear  coupling  between  the  conduction  and  valence  bands.  The  lack  of 
inversion  symmetry  in  the  zinc-blende  structure,  however,  is  neglected.  The  effect  of  strain  is 
included  via  deformation  potential  theory  [15],  and  the  Luttinger-Kohn  parameters  are  calculated 
according  to  the  method  by  Poliak  [16],  and  Bir  and  Pikus  [17].  Because  the  quantum  dots  are  in 
the  strong  confinement  regime,  additional  binding  energy  from  the  Coulomb  interaction  is 
neglected.  The  bound  states  of  QDs  are  found  by  numerically  solving  the  Schrodinger  equation, 
by  invoking  periodic  boundary  conditions,  expanding  the  wavefunctions  in  terms  of  normalized 
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plane-wave  states,  and  diagonalizing  the  obtained  matrix.  The  calculated  transition  energies  for 
sample  A  and  C  are  shown  in  Table  I.  We  have  also  shown  the  experimentally  determined 
values  from  the  photoluminescence  data  by  multi-peaks  Gaussian  fitting.  The  experimental  and 
the  calculated  transition  energies  are  in  reasonably  good  agreement. 
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In  summary,  we  have  shown  that  the  photoluminescence  efficiency  of  InAs  quantum  dots  can 
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ABSTRACT 

The  past  few  years  have  seen  considerable  efforts  in  growth  and  device  application  of  self- 
assembled  quantum  dots.  However,  the  photoluminescence  (PL)  linewidth,  which  represents 
structural  fluctuations  in  dot  sizes,  is  still  in  the  range  of  30-50  meV.  This  large  linewidth  has 
deleterious  effects  on  devices  such  as  lasers  based  on  self-assembled  dots.  In  this  paper  we  will 
examine  the  configuration-energy  diagram  of  self- assembled  dots.  Our  formalism  is  based  on:  (1) 
an  atomistic  Monte  Carlo  method  which  allows  us  to  find  the  minimum  energy  configuration  and 
strain  tensors  as  well  as  intermediate  configurations  of  dots;  (2)  an  8-band  k-p  method  to 
calculate  the  electronic  spectra.  We  present  results  on  the  strain  energy  per  unit  cell  for  various 
distributions  of  InAs/GaAs  quantum  dots  and  relate  them  to  published  experimental  results.  In 
particular  we  examine  uncovered  InAs/GaAs  dots  and  show  that  in  the  uncovered  state  a  well- 
defined  minimum  exists  in  the  configuration  energy  plot.  The  minimum  corresponds  to  the  size 
that  agrees  well  with  experiments. 

INTRODUCTION 

The  use  of  strained  epitaxy  to  create  quasi-0  dimensional  quantum  dots  has  been  widely 
studied  over  the  last  decade.  Self-assembled  quantum  dots  have  now  been  fabricated  using 
InGaAs/GaAs,  SiGe/Ge,  and  many  other  strained  systems  [1-2].  In  addition  to  the  study  of 
electronic  and  optical  properties  of  these  dots,  devices  lower  as  quantum  dot  interband  lasers  [3] 
and  intersubband  detectors  [4]  have  been  demonstrated.  However,  in  spite  of  much  progress  in 
the  area  of  self  assembly,  there  is  still  a  nagging  issue  -  dot  size  nonuniformity.  The  self 
assembled  dots  vary  in  sizes  and  shapes  -  a  variation  that  reflects  in  the  electronic  spectrum, 
photoluminescence  linewidth,  and  gain  spectrum  etc.  For  many  potential  device  applications, 
dot  size  nonuniformity  creates  deleterious  effects.  To  understand  the  reason  for  nonuniformity 
and  its  extent,  it  is  important  to  study  the  configuration  energy  of  self-assembled  dots. 

There  have  been  several  studies  on  the  strain  tensor  and  energy  in  self-assembled  dots.  A 
useful  model  has  emerged  the  valence  force  field  (VFF)  method  [5,6],  which  allows  us  to 
calculate  the  strain  tensor  at  an  atomic  level.  It  is  found  that  the  strain  tensor  in  dots  plays  a  key 
role  in  determining  the  electronic  spectrum  [7].  While  the  strain  tensor  of  quantum  dots  in  the 
covered  state  (i.e.  with  the  dot  buried  in  the  large  bandgap  material  matrix)  has  been  examined, 
to  our  knowledge  no  work  has  been  done  on  why  certain  mean  dot  sizes  are  chosen  and  why 
there  is  a  distribution  in  the  dot  size.  In  this  paper  we  use  an  extension  of  the  VFF  model  to 
examine  the  strain  tensor  and  energy  of  “covered”  and  “uncovered”  InAs/GaAs  dots.  Then  we 
apply  the  8-band  k-p  model  to  obtain  the  electronic  spectrum. 
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THEORETICAL  MODEL 


It  is  known  that  when  a  large  strain  exists  between  an  ovcrlaycr  and  a  substrate  (e  >  3%),  the 
growth  of  the  overlayer  is  described  by  the  Stranski-Krastanow  mode.  In  this  mode  a  thin 
“wetting  layer”  is  followed  by  an  island  growth.  For  InAs/GaAs  system,  the  wetting  layer  is  --  1 
monolayer,  and  the  islands  are  approximately  60  A  high  with  a  more  or  less  pyramidal  shape. 

The  base  of  the  pyramid  is  about  twice  the  height  [8,  9].  This  description  of  the  self-assembled 
dots  is;  however,  very  qualitative  since  there  is  a  considerable  variation  in  the  size  and  shape. 
There  is  substantial  theoretical  work  on  why  the  growth  mode  is  island  growth  for  high  strain 
epitaxy.  However,  there  is  no  quantitative  work  on  why  a  particular  size  dominates  the  .self- 
assembled  system.  To  .shed  light  on  this  issue,  we  calculate  the  strain  tensor  and  energy  for 
various  sizes/shapes  of  InAs  dots  on  a  GaAs  substrate.  We  examine  the  “uncovered”  dots  where 
the  GaAs  overlayer  is  not  present  and  the  “covered”  dots  where  dots  are  embedded  in  a  GaAs 
matrix. 

The  strained  InA.s/GaAs  quantum  dot  sy.stem  is  shown  in  figure  1  for  growth  along  the  [001] 
direction.  The  InAs  island  is  pyramidal  shaped  with  a  small  square  base,  lying  on  a  I -monolayer 
InAs  wetting  layer.  The  InAs  QDs  are  embedded  in  a  GaAs  matrix. 


Figure  1.  Schematic  illustration  of  the  Stran.ski-Kra.stanow  growth  mode  for  InAs/GaAs  system. 


Valence  force  field  (VFF)  model  is  a  micro.scopic  ela.stic  theory,  which  includes  the  bond¬ 
stretching  and  bond-bending  parts.  The  total  VFF  energy  is  taken  as 


(I) 


where  /  represents  all  atomic  sites,  andy,  k  are  the  nearc.st  neighbor  sites,  dy  is  the  vector  joining 
sites  /  andy,  djj  is  the  bond’s  length,  and  dojj  is  the  corresponding  equilibrium  bond  length,  crand 
P  'dTc  the  bond-stretching  and  bending  constants.  To  fully  understand  the  formation  of  self 
assembled  InAs  QDs,  we  simulate  the  uncovered  InAs  dots  by  replacing  the  GaAs  cap  with  a 
virtual  material  by  artificially  reducing  a  and  pio  very  small  values  (factor  of  10  smaller).  As  a 
result,  we  can  observe  the  behavior  of  InAs  islands  before  the  covering  GaAs  is  deposited. 

The  strain  tensors  are  solved  by  minimization  of  the  total  energy  within  the  framework  of 
the  VFF  model.  We  use  the  approach  taken  by  several  authors  [10-12].  In  the  beginning  all 
atoms  are  placed  on  the  GaAs  lattice.  The  atoms  are  allowed  to  deviate  from  this  starting 
position  and  periodic  boundary  conditions  are  assumed  in  the  plane  perpendicular  to  the  growth 
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condition.  In  each  process,  only  one  atom  is  displaced  while  other  atoms  are  held  fixed.  All 
atoms  are  displaced  in  sequence.  The  whole  sequence  is  repeated  until  the  maximum  distance 
moved  is  so  small  that  there  is  essentially  no  change  in  the  system  energy.  The  strain  energy  Es,r 
can  then  be  obtained  once  the  strain  tensors  can  be  obtained  by 


£»r  +4  +  +4  +4) 


where  a  is  the  lattice  constant,  £ij  is  the  strain  tensor  component,  and  Cij  is  the  elastic  constant. 
The  8-band  k-p  method  [13]  is  used  to  calculate  the  electronic  spectra. 


RESULTS 

The  calculated  results  for  strain  energy  per  unit  cell  as  a  function  of  dot  size  in  a  covered 
InAs/GaAs  system  are  shown  in  figure  2.  The  size  variation  is  done  when  the  base  to  height 
ratio  is  maintained  at  2:1.  No  clear  preference  appears  in  the  form  of  a  well  defined  energy 
minimum.  The  strain  energy  of  InAs  dots  for  large  sizes  even  show  higher  values  than  forming  a 
flat  thin  layer  (--0.17  eV),  which  is  unexpected.  It  is  clear  that  the  InAs  dot  size/shape  is 
determined  by  the  energies  of  the  problem  before  the  GaAs  overlayer  is  deposited. 


Figure  2.  Strain  energy  per  unit  cell  for  the  covered  InAs  dot  pyramid  at  various  dot  sizes. 


Figure  3  addresses  the  question  of  why  certain  dot  sizes  are  preferred  in  high  strain  epitaxy. 
The  strain  energy  per  unit  cell  is  illustrated  as  a  function  of  the  dot  size.  We  show  results  for  the 
dot  alone  and  also  the  results  when  the  wetting  layer  is  included.  Inclusion  of  the  wetting  layer 
is  a  little  arbitrary  since  the  results  depend  on  the  dot  density.  Nevertheless  a  clear  minimum 
arises  in  the  configuration  energy  plots  in  both  cases  at  62  A  dot  height.  This  value  is 
remarkably  close  to  empirical  observation  [9].  However,  due  to  entropy  consideration  we  do  not 
expect  all  dots  to  have  this  minimum  energy  size.  Experimentally  we  know  that  there  are 
variations  in  the  dot  size,  causing  inhomogeneous  broadening  of  the  photoluminescence  line. 
Figure  3  also  lists  the  values  of  effective  bandgaps,  showing  how  the  dot  size  can  alter  the  effect 
bandgap.  We  find  that  the  effective  gaps  range  from  0.954  to  1.2  eV  as  the  height  changes  from 
85  to  55  A.  The  preferred  size  has  a  peak  energy  of  ~  1.04  eV,  which  agrees  well  with  the 
experimental  PL  results  [14], 
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dot  height  (angstrom) 

Figure  3.  Strain  energy  per  unit  cell  for  dot  only  and  for  dot  including  wetting  layer  and  effective 
bandgaps  for  the  uncovered  InAs  dot  pyramid  at  various  dot  sizes. 

The  electronic  spectrum  for  different  dot  sizes  is  shown  in  figure  4.  Here  we  show  the 
ground  states  and  the  excited  states  of  dots  with  heights  of  56.5  A  and  62.3  A.  In  each  ease  the 
base  is  twice  the  height.  As  can  be  seen,  the  size  variation  will  contribute  to  more  fluctuation  for 
higher  level  transitions. 
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Figure  4.  Electronic  spectrum  for  InAs/GaAs  dots  with  various  heights  of  56.5  A  and  62.3  A. 

Figure  5  shows  how  the  strain  energy  change  as  a  function  of  the  shape  of  the  dot.  Here  the 
height  is  fixed  at  the  lowest  configuration  energy  found  in  figure  3  while  the  width  is  adjusted.  A 
larger  base  width  corresponds  to  a  wider  dot  pyramid  and  vice  versa.  It  can  be  seen  that  when 
the  base  equals  twice  the  island  height  the  energy  is  a  minimum.  This  result  is  consistent  with 
experimental  observation  [9].  It  is  important  to  note  that  the  total  energy  of  the  system  would 
include  the  wetting  layer  strain  energy  and  one  has  to  then  account  for  the  dot  density  as  well. 
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InAs  pyramid  base  width  (in  terms  of  dot  height) 

Figure  5.  Strain  energy  of  dot  formation  per  unit  cell  for  different  dot  shapes  (various  base). 


CONCLUSION 

In  this  paper  we  have  examined  the  configuration  energy  profile  for  InAs/GaAs  self- 
assembled  dots.  While  it  is  not  possible  to  examine  the  infinite  possible  sizes  and  shapes  a  dot 
can  take,  we  find  that  there  is  a  well  defined  size  and  shape  as  which  the  stain  energy  for  the 
uncovered  dot  becomes  a  minimum.  The  shape  and  size  calculated  by  us  using  the  VFF  model 
agree  quite  well  with  experimental  findings  on  InAs/GaAs  dots.  We  have  also  examined  the 
configuration  energy  plot  for  covered  dots,  which  do  not  show  any  energy  minimum  at  the  dot 
size  observed  empirically.  This  suggests  that  the  dot  size/shape  is  determined  before  the 
covering  GaAs  layer  is  deposited.  Although  the  configuration  energy  is  estimated  assuming  a 
pyramidal  shaped  dot,  the  calculation  is  done  by  a  microscopically  atomistic  model.  Thus  this 
approach  can  be  exploited  to  the  truncated  pyramidal  quantum  dots  or  even  in  the  microlenses 
structure. 

Another  outcome  of  our  finding  is  that  the  strain  energy  difference  between  the  minimum 
energy  configuration  and  other  nearby  dot  sizes  is  not  very  large.  As  a  result,  it  is  expected  that 
there  will  be  a  distribution  of  dots  in  actual  growth  due  to  entropy  considerations.  We  have  also 
shown  how  the  size  of  dots  alters  the  effective  band-edge  using  the  8-band  k-p  method. 

The  good  agreement  of  the  minimum  energy  dot  size  and  shape  with  published  experimental 
results  gives  us  confidence  that  the  VFF  model  can  be  explored  to  understand  how  the  dot 
uniformity  can  be  controlled.  This  could  be  done  by  examining  the  role  of  pre-existing  strains  in 
the  GaAs  substrate.  Further  work  will  address  these  issues  as  well  as  the  issue  of  dot  size 
distributions. 
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Abstract 

Preparation  of  CdS  nanoparticles,  devices  fabrication,  and  electroluminescence  properties 
at  room  temperature  of  CdS  nanoparticles  on  silicon  substrates  are  reported.  A  spectral  shift  of 
86-meV  office  exciton  transition  was  observed  that  was  due  to  the  passivation  of  p-hydroxyl 
thiophenol  molecules  around  nanoparhcles.  Controlled  process  conditions  such  as  heat  treatment 
and/or  with  oxygen- rich  environment  are  experimented  and  found  to  have  significant  influences 
on  emission  spectra.  Radiative  recombination  corresponding  to  oxygen-impurity  level,  273  meV 
below  bandgap  energy,  presents  in  samples  prepared  in  oxygen-rich  environment  In  addition  to 
such  mechanism,  coalescence  of  nanoparticles  into  bulk  form  also  exists  and  contributes  to 
enhanced  luminescence. 

Introduction 

Low-dimensional  structures  including  nanoparticles  or  quantum  dots  (QDs)  are  supposed  to 
provide  significant  enhancement  in  the  density  of  states,  so  increasing  the  probability  of  light 
emission.  Those  low^  dimensional  structures  can  be  epitaxially  grown  on  bulk  materials  like 
GaAs  wafers  or  separately  formed  by  chemical  methods.  The  former  way  is  very  selective  on  the 
grown  substrates.  Also,  QDs  are  usually  formed  with  only  a  scarce  area  density.  In  contrast, 
nanoparticles  formed  by  chemical  methods  have  many  advantages.  First,  they  can  be  applied  on 
any  substrates.  Second,  area  or  volume  density  of  the  material  can  be  very  high.  The  process  to 
fabricate  monodispersive  nanoparticles  is  inexpensive  and  facile  to  industrial  application. 
Stimulated  emission  and  optical  gain  had  been  demonstrated  in  CdS  quantum  dots  by  methods  of 
optical  pumping[l,2].  This  encourages  the  employment  of  electrical  pumping  to  realize  efficient 
nanoparticle-based  light  emitting  devices. 

In  this  work,  we  demonstrate  the  applications  of  CdS  nanoparticles  on  silicon  substrate.  The 
fabrication  of  light  emitting  active  layer  is  simply  fabricated  by  the  spin-coating  technique. 
Electroluminescence  (EL)  can  be  easily  achieved  by  quantum  tunneling  of  carriers  into  the 
nanoparticles.  No  special  care  is  needed,  compared  with  thermal  and  chemical  budgets  of 
epitaxial  technology. 
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Experimental 

Preparation  of  CdS  Nanoparticles 

Redissolvable  nanoparticles  powder  of  CdS  has  been  synthesi7£d  by  modifying  Pietro’s 
method[3].  Cadmium  acetate  dihydrate  (Cd(CH3COO)2  2H20, 0.80  g,  3.0  mmole)  was  dissolved 
in  a  20  ml  mixed  solvent  of  acetonitrile,  methanol,  and  water  with  a  volume  ratio  of  1 : 1 :2. 

Another  solution  containing  disodium  sulfide  nanohydrate  (Ni^S  91120, 0.36  g,  1 .5  mmole)  and 
p-hydroxyl  thiophenol  (0.56  g,  4.4  mmole)  in  the  same  solvent  system  was  added  into  vigorously 
srimed  cadmium  acetate  solution.  The  whole  system  was  stirred  for  1 8  hours  without  light 
illuminatiorL  After  centrifuging  and  washing  with  DI  water  for  several  times,  we  obtained  a 
OJOg  yellow  power  of  CdS  nanoparticles  encapped  by  p-hydroxyl  thiophenol. 

By  replacing  part  of  cadmium  acetate  with  manganese  acetate  (5  %,  10  %  and  20  %,  in  molar 
ratio),  we  prepared  Mn  doped  CdS  nanoparticles  with  different  concentrations  of  manganese. 

AU  prepared  semiconductor  nanoparticles  can  be  r^dispersed  in  ethanol  and  other  polar  organic 
solvents.  With  ultrasonic  vibration  and  percolation  solutions  for  spin-coating  purpose  were 
produced  by  dissolving  the  nanoparicles  in  ethanol  with  a  concentration  of  1%  (w/v). 

Fabrication  of  CdS  Light-Emitting  Diodes  on  Si 

The  general  fabrication  steps  of  CdS  light  emitting  diodes  (LEDs)  as  follows.  First,  a  low 
resistivity  (doping  ~10'  ^cm^)  silicon  wafer  was  used  as  the  substrate.  Acetone,  methanol,  and  DI 
water  were  used  for  subsequently  cleaning  procedure.  The  wafer  was  placed  on  spinner  with 
several  dips  of  the  previously  mentioned  four  CdS  and  CdS:Mn  nanoparticle  solutions.  A  spin 
speed  of  4(X)0  rpm  for  60  sec  was  used.  There  are  three  different  treatments  with  the  devices. 
Sample  A.  The  wafer  was  placed  in  a  chamber,  in  which  75-mmHg  air  pressure  and  room 
temperature  were  maintained  for  5  minutes  to  remove  ethanol  solvents.  Sample  B:  The  samples 
were  subsequenUy  treated  by  rapid  thermal  annealing  (RTA)  at  425"C  for  5  minutes.  The 
annealing  process  took  place  with  75-mmHg  air  pressure.  At  this  temperature,  the  organic 
chemical  was  decomposed.  Sample  C:We  immersed  the  CdS  nanoparticles  into  high  oxygen 
concentration  environment.  TTie  nanoparticle  solutions  had  been  separately  mixed  with  SOC 
(spin-on-glass)  31 5FX  and  SiO:  nanoparticles  (average  diameter  of  12  nm,  dissolved  in 
isopropyl  alcohol).  The  cleaned  silicon  substrate  was  spin  coated  with  these  two  kinds  of  mixture 
solutions.  Both  samples  were  treated  by  42^C  RTA  to  sinter  the  Si02  glass. 

Subsequently,  both  top  and  bottom  metal  contacts  were  defined  by  thermal  evaporation.  The 
top  semi-transparent  contact  layer  was  lOnm  gold,  and  the  bottom  was  150nm  gold.  Before  the 
deposition  of  Au  layer,  a  3-nm  adhesion  layer  of  chromium  had  been  evaporated  for  both 
contacts.  After  voltage  bias  was  applied,  EL  through  top  thin  layer  can  be  seen  by  naked  eyes. 
Monochromator(CVI  CMl  10)  and  photomultiplier  were  used  to  record  tJic  spectra.  In  every 
^^ectrum  measurement  the  slit  width  0.6  mm  was  used  for  maximum  detections  and  correct 
spectral  measurements. 
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Results  and  Discussion 


The  TEM  micrograph  of  CdS  nanoparticles  is  shown  in  Figure  1(A).  The  average  diameter 

(A)  (B> 


Rgure  1,  (A)  TEM  image  of  p-hydroxyl  thiophenol  capped  CdS  nanoparticles  and  (B)  its  Raman 
spectrum  as  compared  with  CdS:Mn  nanopaiticles. 


of  these  spherical  CdS  nanoparticles  is  about  5  nm.  Compared  with  the  high-temperature 
synthesizing  method  by  using  trioctylphosphine  oxygen  (TOPO),  this  room-temperature  process 
is  easier  but  the  particle  size  distribution  is  wider.  In  the  case  of  synthesizing  manganese  doped 
CdS  nanoparticles,  we  have  used  large  molar  percentage  of  Mn,  5  %,  10  %  and  20  % 
respectively  in  the  reaction.  However,  only  trace  doping  amounts  of  Mn,  0.08%,  0.05%  and 
1 .10%  were  detected  respectively  by  ICP-Mass  investigations.  When  the  same  approach  was 
used  to  synthesize  MnS  nanoparticles,  a  very  low  yield  was  obtained.  The  results  indicate  that 
the  reaction  rate  of  MnS  synthesis  is  slower  than  that  of  CdS  synthesis.  Therefore,  the  position  of 
Cd  in  the  lattice  of  CdS  can  not  be  replaced  by  Mn.  The  Mn  is  trapped  by  the  hydroxyl  group  of 
p-hydroxyl  thiophenol  capping  on  the  surface  of  CdS  nanoparticles.  The  Raman  spectra  shown  in 
Figure  1(B)  proves  this  speculation  The  Raman  shift  at  305cm"'  corresponds  to  the  longitudinal 
optical  phonons(LO)  mode  of  CdS.[4]  No  wave  number  shift  is  observed  forCdS/Mn 
nanoparticles,  thus  Mn  is  not  in  the  CdS  lattice.  The  others  Raman  shift  peaks  are  from  the 
vibrations  of  the  organic  molecules.  Consequently,  the  EL  peaks  of  CdS  nanoparticles  prepared 
with  or  without  addition  of  Mn  are  the  same  as  shown  in  Figure  3 . 

The  schematic  of  CdS-nanoparticle  LED  is  shown  in  Figure  2(A).  The  thickness  of  CdS 
nanoparticles  layer  can  be  as  large  as  500nm,  verified  by  surface  profile  scan.  Therefore,  volume 
density  is  very  high,  but  relative  high  level  of  resistance  also  presents.  Samples  made  on  n-  and 
p-type  Si  wafers  show  different  current- voltege  (I- V)  curves,  as  shown  in  Figure  2(B).  Both  have 
rectifying  I- V  curves,  but  with  opposite  polarities.  This  rectifying  effect  corresponds  to 
metal- insulator- semiconductor  tunneling  effect.  To  be  specific,  the  thin  potential  barrier  of 
organic  coating  and  low  substrate  doping  level  result  in  Schottky- diode- like  behavior  [5]. 
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Figure  2.  (A)  Schematic  of  the  CdS  nanoparticles  FX  device  on  Si  wafer.  (B)  I- V  curv'cs  of 
devices  on  n-type  and  p-type  Si,  respectively.  (C)  Schematic  of  electron  transport  and  transition 
in  the  device. 

The  EL  can  be  observed  only  when  the  devices  are  forward  biased  for  both  types.  The 
carriers  injection  and  current  flow  for  samples  on  the  n-type  substrate  are  illustrated  in  Figure 
2(C).  The  EL  spectra  correspond  to  radiative  recombination  of  carriers  confined  within  CdS 
nanoparticles.  Camers  are  supplied  by  tunneling  current.  For  samples  on  the  n-type  substrate,  the 
silicon  Fermi  level  has  to  be  raised  so  that  electrons  are  able  to  tunnel  through  the  potential 
barrier  of  p-hydroxyl  thiophenol  group.  Within  CdS  nanoparticles,  part  of  the  injected  carriers 
recombine  radiatively,  part  of  them  get  trapped  in  defect  levels,  and  part  of  them  tunnel  into  tlie 
adjacent  nanoparticles. 

The  turning  point  around  3  V  in  Figure  2(B)  corresponds  to  the  start  of  carriers  recombination 
process.  Only  after  the  applied  bias  overcoming  the  potential  barrier  of  p- hydroxyl  thiophenol 
group  between  the  CdS  nanoparticle  and  the  metal  (oi‘  silicon),  the  radiative  recombination 
process  could  start. 

In  the  case  of  sample  A,  both  spectra  of  CdS  and  CdS  doped  with  Mn  are  the  same,  as 
illustrated  in  Figure  3.  The  anterior  observation  of  Mn  in  CdS  nanoparticle  at  585nm(2.l  19eV)  [6] 
is  not  clearly  observed  in  our  samples.  The  result  is  consistent  with  our  ICP-Mass  analysis  that 
the  Mn  atom  does  not  enter  into  the  CdS  lattice  by  our  synthesizing  method  The  emission  peak 
at  526.5nm  (2.355eV)  is  red-shifted  from  bulk  CdS  A-exciton  transition  energy,  2.441eV(508nm) 
at  room  temperature.  [7]  The  energy  with  a  red-shift  of  86  meV  does  not  come  from  quantum 
axrfinement  within  the  nanoparticles,  since  such  effect  increases  the  exciton  energy  whai  the 
particle  size  decreases  [8,9].  It  is  due  to  the  capping  p-hydroxyl  thiophenol  group  that  modifies 
the  energy  of  emission  peak.  CdS  nanoparticles  coated  with  polyvinyl  alcoholalso  show  such 
energy  shift  in  absorption  spectrum.[10]  Other  studies[6,l  1]  have  shown  different  shift  level  with 
different  coating  treatment  The  spectmm  fits  into  LorcntzJan  shape  with  scattering  time  of  6  fs. 
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Figure  3.  EL  Spectrum  of  CdS  with  direct  vacuum  treatment 

The  FWHM  is  42  nm.  Such  broad  spectmm  indicates  dispersion  of  particle  size.  The  EL 
spectrum  of  sample  B  depicted  in  Figure  4(A)  shows  two  peaks.  One  is  at  5 13.7nm  and  another 
at  571 .5nm.  The  former  peak  stands  for  bulk  CdS  signal(A  exciton).  This  spectral  lobe  can  be 
fitted  by  Loientzian  shape  with  scattering  time  of  8  fs  and  FWHM  40  nm. 

The  peak  at  57 1 .5nm  results  from  the  trapped  carriers  in  oxygerr- impurity  levels  [11].  Hi^ 
temperature  environment  and  the  decomposition  of  p-hydroxyl  thiophenol  group  cause  the 
diffusion  process  of  oxygen  into  the  nanoparticles  to  occur.  This  proves  p-hydroxyl  thiophenol 
group  to  be  effective  overcoat  of  CdS  nanoparticles  against  oxygen  before  it  decomposes.  The 
oxygen- impurity  levels  also  induce  radiative  transition. 

For  investigating  the  luminescent  phenomenon  of  oxygen  impurity  level,  spectra  of  the 
mbcture  of  CdS  nanoparticles  with  SOG  and  SiO  i  nanoparitcles(sample  C)  are  shown  in  Figure 
4(B).  The  peak  at  5 13.7nm  {2.414eV)  is  the  A  exciton  signal  of  bulk  CdS  at  65"C.  The  peak  at 

(A)  (B) 


Figure  4.  The  EL  Spectra  of  (A)CdS  particles  after  heat  treatment.  (B)CdS  nanoparticles  mixed 
with  SOG  or  Si02  nanoparticles. 
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571.5nm  (2.414eV)  corresponds  to  radiative  transition  due  to  carriers  trapped  in  oxygen- impurity 
levels,  as  mentioned  previously.  The  magnitude  of  light  emission  in  these  samples  is  ten  times 
stronger  than  that  from  unheated  samples  for  the  same  carrier  injection  condition.  The  reason  for 
significantly  enhanced  EL  may  be  twofold.  First,  the  coalescence  of  CdS  nanoparticles  into  bulk 
form  results  in  less  broadening  spectrum  around  513.7  nm.  Since  the  potential  barrier  of 
p-hydroxyl  thiophcnol  group  disappear  due  to  decomposition,  carricra  in  bulk  powders  stay  for 
enough  time  (about  ns  transition  lifetime)  to  recombine  radiativcly  between  each  tunneling 
process.  Second,  relative  magnitude  of  oxygen- impurity- level  luminescence  is  nuich  stronger 
than  that  in  previous  devices.  Highly  increased  concentration  of  oxygen-impurity  levels,  which 
arc  supplied  by  SOG  or  SiOi  nanoparticles,  contributes  to  the  enhancement  of  internal  quantum 
efficiency.  The  magnitude  difference  between  mixture  with  SOG  and  SiO:  nanoparticles  comes 
from  excess  dangling  SiO  bond  of  the  latter  case.  With  the  same  sintering  time,  the  latter 
mixture  makes  oxygen  diffusing  easier. 

Conclusions 

The  CdS  nanoparticles  prepared  by  chemical  method  are  ready  for  spin-coating  and  EL 
device  fabrication.  The  observed  a  spectral  shift  of  free  exciton  transition  of  86  meV  is  due  to  the 
passivation  of  p-hydroxyl  thiophenol  group  around  nanoparticles.  Prcxress  modifications  such  as 
heat  treatment  and  oxygen-rich  environment  are  influential  to  intriusic  green  emission  of  CdS 
nanoparticles.  The  p-hydroxyl  thiophenol  molecule  has  shown  a  protection  effect  to  avoid  the 
diffiision  of  contaminants  into  nanoparticels,  but  it  cannot  resist  temperature  deterioration  above 
400°C.  Radiative  recorrbination  of  carriers  trapped  in  oxygen-  impurity  levels  presents  a  273 
meV  of  below  bandgap  energy  of  bulk  CdS.  With  the  oxygen- impurity  levels  formed  at  the 
surface  of  CdS  nanoparticels,  luminescence  increases  by  an  order  of  magnitude. 
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ABSTRACT 

The  influence  of  two  monolayer  -  thick  AlAs  under-  and  overlayers  on  the  formation  and 
properties  of  self-assembled  InAs  quantum  dots  (QDs)  has  been  studied  using  transmission 
electron  microscopy  (TEM)  and  photoluminescence  (PL).  Single  sheets  of  InAs  QDs  were 
grown  inside  a  2ML/8ML  AlAs/GaAs  short-period  superlattice  with  various  combinations  of 
under-  and  overlayers.  It  was  found  that  2.4ML  InAs  QDs  with  GaAs  underlayer  and  2ML  AlAs 
overlayer  exhibited  the  lowest  QD  surface  density  of  4.2xl0“^  cm'^  and  the  largest  QD  lateral 
size  of  about  19  nm  as  compared  to  the  other  combinations  of  cladding  layers.  This  InAs  QD 
ensemble  has  also  shown  the  highest  room  temperature  PL  intensity  with  a  peak  at  1210  nm  and 
the  narrowest  linewidth,  34  meV.  Fabricated  edge-emitting  lasers  using  triple  layers  of  InAs  QDs 
with  AlAs  overlayer  demonstrated  120  A/cm^  threshold  current  density  and  1230  nm  emission 
wavelength  at  room  temperature.  Excited  state  QD  lasers  have  shown  high  thermal  stability  of 
threshold  current  up  to  130  ”C. 

INTRODUCTION 

Quantum  dot  (QD)  layers  were  proposed  as  an  active  gain  medium  for  semiconductor 
laser  diodes  in  1982  [1].  After  the  discovery  of  self-assembly  of  QDs  in  the  InAs/GaAs  system 
via  Stranski-Krastanov  growth  mode,  significant  research  efforts  were  directed  to  obtain  QD 
ensembles  with  uniform  size,  high  density,  and  high  emission  efficiency  [2,3],  and  to  fabricate 
QD  lasers  [4,5,6].  Currently,  the  performance  of  QD  lasers  is  comparable  or  even  better  than  that 
of  quantum  well  (QW)  lasers,  e.g.  room  temperature  threshold  current  density  of  16  A/cm  for 
single-  and  36  A/cm^  for  triple-layer  QD  laser  [6],  and  long  wavelength  (1.3  pm)  lasing  on  GaAs 
substarte  [5]  were  obtained.  However,  InAs/GaAs  quantum-dot  lasers  with  the  lowest  threshold 
current  density  (ground  level  near  1.3  pm  emission  wavelength)  have  not  yet  achieved  high- 
temperature  stability  [7]. 

In  spite  of  profound  studies  of  Stranski-Krastanov  growth  of  In(Ga)As  islands  on  GaAs, 
this  self-organized  formation  of  nanoscale  islands  is  still  not  completely  understood.  The 
structural  and  optical  properties  of  QD  ensembles  are  very  sensitive  to  the  growth  parameters 
[8,9].  This  phenomenon  of  self-assembly  is  further  complicated  by  intermixing  of  InAs  QDs 
with  the  GaAs  barrier  [10],  segregation  of  In  atoms  when  InGaAs  islands  are  overgrown  by 
GaAs  [11,12],  complex  diffusion  properties  of  adatoms.  Very  recently,  the  top  A1  containing 
layers  have  been  used  to  achieve  a  red  shift  of  the  InAs  QDs  photoluminescence  band  [13,14]. 

The  primary  goal  of  the  present  study  is  the  development  of  the  self-assembled  QD  active 
medium  for  laser  diodes  operating  at  elevated  (>100^C)  temperatures.  We  have  investigated  the 
influence  of  two  monolayer  -  thick  AlAs  under-  and  overlayers  on  the  formation  and  properties 
of  InAs  QDs  in  a  short  period  superlattice  (SPSL)  using  transmission  electron  microscopy 
(TEM)  and  photoluminescence  (PL). 
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EXPERIMENTAL  DELAILS 


The  structures  were  grown  on  GaAs(lOO)  substrates  in  EPI  GEN  II  Molecular  Beam 
Epitaxy  (MBE)  system  equipped  with  As-valved  cracker  source.  For  QD  growth,  InAs  growth 
rate  was  maintained  at  0.048±0.002  ML/s,  and  Asi  flux  was  kept  constant  at  1.5x10'^  Torr. 
Indium  flux  was  calibrated  by  InGaAs  growth  using  reflection  high  energy  electron  diffraction 
oscillations.  The  self-assembled  InAs  QDs  were  embedded  into  2ML-AlAs/8ML-GaAs  SPSL 
barrier.  The  closest  to  the  QDs  four  SPSL  periods  were  grown  at  the  QD  growth  temperature. 

The  PL  and  TEM  measurements  were  carried  out  on  the  same  samples  with  QD  layers 
placed  30  nm  below  the  surface.  The  growth  was  started  with  500  nm  of  AL.asGao.ssAs  cladding 
alloy  followed  by  280  nm  SPSL  grown  at  650  °C,  Then,  the  growth  was  interrupted  to  reduce  the 
substrate  temperature  to  that  for  QD  growth  (450  -  500  X).  InAs  QDs  were  grown  using 
different  combinations  of  2ML-AlAs  and  8ML-GaAs  underlayers  and  overlayers.  The  self- 
assembled  QDs  were  then  capped  with  four  periods  of  SPSL,  and  after  heating  up  the  substrate 
by  80  ^C,  3  periods  of  SPSL  and  10  nm  of  AlGaAs  alloy  were  grown  on  the  top. 

The  optical  properties  of  the  self-assembled  QDs  were  characterized  using  PL.  The  top 
and  bottom  AL.45Ga<).55As  cladding  layers  were  used  to  prevent  photogenerated  carriers  from 
spreading  to  the  substrate  or  to  the  surface.  We  used  an  Ar”"  ion  laser  (514.5nm)  as  an  excitation 
source.  The  PL  spectra  were  detected  by  LNi-coolcd  Gc  p-i-n  photodiode  and  recorded  using 
lock-in  techniques. 

The  laser  diode  structures  were  grown  on  n-type  GaAs(l(X))  substrates.  Si  and  Be  were 
used  for  n-type  and  p-type  doping,  respectively.  n'^-GaAs  buffer  layer  and  I  pm  -  thick  bottom 
n-AlojGaojAs  cladding  layer  were  grown  at  61  OX.  They  were  followed  by  an  undoped  900  nm 
-  thick  SPSL  waveguide  structure  with  the  QD  active  layers  in  the  center.  The  bottom  half  of  the 
SPSL  waveguide  and  the  QD  layers  were  grown  at  650  X  and  475  X,  respectively,  following  a 
similar  temperature  ramping  procedure  as  for  PL/TEM  samples.  Triple  layers  of  InAs  QDs  with 
GaAs  underlayer  and  AlAs  overlayer,  and  30  nm  SPSL  spacing  were  used  as  the  laser  active 
medium.  Top  half  oHhe  SPSL  waveguide,  1  pm  -  thick  p-AL.TGao.jAs  cladding  layer  and  the 
top  250  nm  -  thick  p'^-GaAs  contact  layer  were  all  grown  at  570X  to  prevent  thermal  evolution 
of  the  QD  structure.  Gain-guided  lasers  with  stripe  width  from  10  to  200  pm  and  cavity  lengths 
from  1 .5  to  10  mm  were  fabricated  from  these  structures.  Laser  diodes  were  fabricated  by 
cleaving  without  any  coating  of  the  facets.  Stripe-up  laser  crystals  were  mounted  on  a  heatsink 
using  In  solder. 

RESULTS  AND  DISCUSSIONS 

Transmission  Electron  Microscopy  (TEM):  QDs  Imbedded  into  Short  Period  SL 

To  optimize  the  properties  of  QD  structures  for  the  laser  gain  medium,  we  have  started 
with  the  investigation  of  the  influence  of  GaAs  and  AlAs  under-  and  overlayers  and  growth 
temperature  on  size,  size  distribution,  .surface  density  and  PL  properties  of  QDs.  We  have  grown 
a  set  of  samples  at  the  substrate  temperature  in  the  range  of  450  -  500  X  with  2.4ML  of  InAs 
imbedded  into  8ML-GaAs/2ML-AlAs  SPSL.  Some  of  the  advantages  of  SPSL  are  that  this  is  an 
effective  wide-bandgap  material  grown  at  relatively  low  temperature  and  another  variable  to 
control  the  emission  wavelength.  We  have  investigated  four  basic  QD  designs:  (i)  with  8ML 
GaAs  as  both  under-  and  overlaycr;  (ii)  the  .same  but  with  2ML  AlAs;  (iii)  with  8ML  GaAs 
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Fig.  1 .  Cross-sectional  TEM  image  of  QD 
array  (2.4ML  InAs  with  AlAs  under-  and 
overlayer).  Inset:  cross-sectional  high- 
resolution  TEM  image  of  a  single  QD. 


underlayer  and  2ML  AlAs  overlayer;  and  (iv)  Fig.  2.  TEM  plan-view  micrograph  of  QDs 

with  2ML  AlAs  underlayer  and  8ML  GaAs  grown  at  475  on  AlAs  with  2ML  AlAs 

overlayer.  overlayer  (small  QDs  ~14  nm). 

200  keV  TEM  (JEOL  2010  FEG)  was 

used  for  plan-view  and  cross-sectional  studies.  Fig.  1  shows  a  cross-sectional  TEM  image  of  a 
single  layer  2.4ML  InAs  QDs  with  2ML  AlAs  on  both  sides  imbedded  into  SPSL.  The  strain 
contrast  originating  from  the  QDs  is  clearly  visible.  One  can  also  observe  that  the  SPSL  is  an 
effective  way  for  structure  smoothening  after  the  QD  growth.  The  inset  in  the  Fig.  1  shows  a 
cross-sectional  high-resolution  TEM  image  of  a  single  QD  demonstrating  its  typical  pyramidal 
shape. 

Plan- view  image  of  a  QD  ensemble  grown  at  475  “C  with  2ML  AlAs  under-  and 
overlayer  is  presented  in  Fig.  2.  Statistical  analysis  of  plan- view  micrographs  allowed  us  to 
evaluate  the  surface  density  and  average  size  of  quantum  dots.  In  Fig.  3,  we  plot  the  QD  surface 
number  density  as  a  function  of  the  growth  temperature.  All  the  studied  QD  designs  exhibit  a 
reduction  of  surface  density  at  higher  substrate  temperatures,  but  the  samples  with  AlAs 
overlayer  are  less  sensitive  to  this  parameter.  The  highest  QD  density  of  about  2x10* '  cm  was 
obtained  in  the  structures  with  AlAs  underlayer  and  GaAs  overlayer.  This  results  from  the  lower 
diffusion  rate  of  In  adatoms  on  the  AlAs  surface  as  we  have  observed  recently  [15]. 

On  the  contrary,  QDs  with  GaAs  underlayer  and  AlAs  overlayer  had  the  lowest  surface 
density  of  about  3x1 0'^  cm‘^  at  500  ”C.  The  average  QD  size  dependance  on  the  growth 
temperature  is  shown  in  Fig.  4  for  various  QD  designs.  Generally,  QD  sizes  increase  with  the 
growth  temperature,  and  QDs  on  GaAs  with  2ML  AlAs  overlayer  exhibit  the  largest  sizes.  In  the 
case  of  AlAs  overlayer  (as  compared  to  GaAs),  we  have  observed  an  increase  of  the  average  size 
and  reduction  of  the  surface  density  likely  because  of  dissolving  of  small  QDs  and  wetting  layer 
by  AlAs  overlayer  [14].  GaAs  underlayer  instead  of  AlAs  also  leads  to  increased  size  and 
reduced  density  of  QDs.  In  this  case,  it  is  due  to  the  higher  surface  diffusion  of  In  adatoms  on 
GaAs  surface  [15].  The  main  result  from  these  TEM  studies  is  that  InAs  QDs  grown  at  475  °C  on 
GaAs  underlayer  and  capped  with  AlAs  overlayer  exhibit  the  lowest  QD  surface  density  of 
4.2x1 cm'^  and  the  largest  QD  lateral  size  of  about  19  nm  as  compared  to  the  other 
combinations  of  the  cladding  layers.  This  QD  ensemble  is  expected  to  be  very  promising  for 
manufacturing  of  the  QD  medium  with  low  ground  state  energy  near  1.3  p.m  and  narrow  size 
distribution.  It  should  be  noted,  that  the  laser  applications  require  high  density  and  high  optical 
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Fig.  4.  Average  .sizes  of  2.4ML  InAs  QDs 
Fig.  3.  Surface  density  of  2.4ML  InAs  QDs  with  different  under-  and  overlayers  vs. 
with  different  under-  and  overlayers  as  a  growth  temperature.  Vertical  error  bars 

function  of  growth  temperature.  corre.spond  to  the  QD  size  dispersion, 

quality  of  the  QD  ensemble,  which  arc  usually  quite  conflicting  demands.  Next  .section  is 
devoted  to  the  optimization  of  the  PL  properties  of  the  QDs. 


Photoluminescence:  optical  properties  of  QDs  imbedded  into  SPSL 

Fig.  3  shows  PL  peak  energy  and  FWHM  of  the  lumine.scence  band  as  a  function  of  the 


average  lateral  size  of  QDs  grown  with  different  under-  and  overlaycrs  at  475  ‘'C  .  These  data 
were  obtained  at  room  temperature  with  the  excitation  intensity  of  10  W/cml  The  PL  band  is 
found  to  shift  towards  the  lower  energies  with  increasing  of  QD  sizes  as  expected  from  a  simple 
quantum  size  effect.  On  the  contrary,  the  effect  of  barrier  bandgap  is  ob.scured  by  the  size  effect. 
For  example,  QDs  capped  with  AlAs  high-bandgap  overlayers  exhibit  noticeable  PL  redshift  in 


comparison  with  those  overgrown  by  low- 


bandgap  GaAs.  Significant  reduction  of 
FWHM  of  the  luminescence  band  indicates 
that  the  homogeneity  of  the  QD  sizes  is  also 
improved  for  large  QDs.  Therefore,  our 
growth  conditions  with  the  increased  In 
adatom  diffusion  length  lead  not  only  to  the 
increase  of  the  QD  sizes,  but  also  to  the 
improved  size  distribution. 

QD  ensemble  with  2ML  AlAs 
overlayer  has  demonstrated  the  highest  room 
temperature  PL  intensity  and  the  lowest  band 


QDs  size,  nm 


FWHM  of  34  meV  (at  low  excitation  level. 


0.1  W/cm^)  in  comparison  with  the  other  QD 


Fig.  5.  Room  temperature  PL  peak  energy 
and  band  FWHM  of  2.4ML  InAs  QDs  as  a 
function  of  average  sizes  of  QD  layers  with 
different  design. 


designs.  The  highest  room  temperature  PL 
intensity  indicates  the  reduction  of  density  of 
nonradiative  recombination  centers  in  the 
sample  with  the  lowest  QD  surface 
concentration  grown  with  AlAs  overlayer. 
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Though  the  AlAs  layers  are  usually  expected  to  have  higher  defect  density  than  GaAs,  we  have 
not  observed  any  degradation  of  the  QD  radiative  recombination  associated  with  the  presence  of 
AlAs. 

Electroluminescence  of  triple  OP  layer  edge-emitting  lasers 

All  electroluminescent  (EL)  measurements  were  carried  out  under  pulsed  excitation  in  a 
temperature  range  77  -  430  K.  The  excitation  pulse  width  was  1  jj,s  with  a  duty  cycle  factor  of 
about  0.5%.  The  EL  spectra  of  an  edge-emitting  laser  with  a  triple  2.2ML  InAs  QD  layers 
operating  on  the  ground  state  transitions  are  shown  in  Fig.  6.  Light-current  characteristic  is 
plotted  in  the  inset.  Ground  state  lasing  was  obtained  at  a  threshold  current  density,  Jth=  120 
A/cm^,  and  wavelength,  1.23  pm.  Minimum  cavity  length  for  the  ground  state  lasing  was  found 
to  be  6  mm.  We  have  estimated  the  maximum  modal  gain  of  our  structure,  3,5  cm'\  assuming 
similar  intrinsic  losses  (0Ci=1.8  cm'')  as  in  the  case  of  quantum  well  heterolaser  with  the  same 
waveguide  width  (0.9  pm).  We  expect  that  these  results  can  be  significantly  improved  by 
optimization  of  the  laser  heterostructure,  especially  by  increasing  of  a  potentially  low  optical 
confinement  factor  of  the  QD  active  medium. 

The  EL  spectra  of  an  edge-emitting  laser  with  a  triple  2.0ML  InAs  QD  layers  operating 
on  excited  state  transitions  are  shown  in  Fig.  7,  with  a  corresponding  light-current  characteristic 
plotted  in  the  inset.  In  this  case,  the  lasing  was  achieved  at  a  higher  current  density,  Jth=  360 
A/cm^,  and  shorter  wavelength,  1.14  pm.  Minimum  cavity  length  for  ground  state  lasing  was 
about  3  mm,  corresponding  to  the  maximum  modal  gain  of  the  excited  state  of  about  5  cm'*  in 
our  structure.  These  results  can  be  also  improved  by  at  least  2-3  times  by  optimization  of  the 
laser  heterostructure,  such  as  decreasing  the  waveguide  width  down  to  0.25  pm,  decreasing 
intrinsic  losses  by  20-30%  down  to  the  best  reported  values,  1.3  -  1.5  cm’’  [6]. 

Thermal  quenching  of  the  laser  threshold  current  is  plotted  in  Fig.8.  The  maximum 
working  temperature  for  the  ground  state  laser  was  found  to  be  75  that  corresponds  to  the 
currently  reported  values.  Excited  state  lasers  exhibited  weaker  temperature  dependence  of  the 
threshold  current  with  the  maximum  operating  temperature  exceeding  130  °C.  The  primary 
reason  for  the  higher  thermal  stability  of  excited  state  QD  lasers  is  the  higher  saturated  modal 
gain  [6].  An  additional  reason  for  poor  thermal  stability  of  the  ground  state  QD  lasers  is  the 
stress  in  a  very  long  laser  crystal  mounted  on  a  copper  heatsink  because  of  the  difference  in 


Fig.  6.  EL  spectra  of  a  ground  state  QD 
laser.  Inset:  Ground  state  QD  laser  light- 
current  characteristic. 


Fig.  7.  EL  spectra  of  an  excited  state  QD 
laser.  Inset:  QD  laser  light-current 
characteristic. 
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thermal  expansion  coefficients  of  GaAs  and 
copper.  Therefore,  synthesis  of  multilayered 
QD  structures  with  high  QD  number  density 
and  low  nonrad iativc  recombination 
probability  is  still  a  challenging  goal  for  low 
threshold  QD  lasers  operating  at  high 
temperatures. 

CONCLUSIONS 

To  accelerate  optimization  of  QD 
growth  technology  and  understanding  of  the 
growth  mechanisms  we  have  used  QD 
structures  suitable  for  both  photoluminescent 
characterization  and  TEM  plan-view 
measurements  of  QD  density  and  average  size. 
By  employing  of  this  combined  method,  we 
have  found  that  2.4ML  InAs  QDs  with  GaAs  underlayer  and  2ML  A1  As  overlayer  exhibited  the 
highest  PL  efficiency  at  room  temperature,  the  narrowest  band  FWHM  (34  meV),  the  lowest  QD 
surface  density  of  4.2-10’*’  cm  ‘  and  the  largest  QD  lateral  size  of  about  19  nm,  as  compared  to 
the  other  combinations  of  cladding  layers.  Edge-emitting  laser  with  triple  2.2ML  InAs  QD  layers 
operating  at  the  ground  state  transitions  demonstrated  low  room  temperature  threshold  current 
density  of  120  A/cm^  and  working  temperature  up  to  75  “C.  Excited  state  triple  2ML  InAs  laser 
showed  threshold  current  density  of  360A/cm^,  and  high  operation  temperature  up  to  130  "C. 
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ABSTRACT 

Quantum  well  infrared  photodetectors  (QWIPs)  have  been  widely  investigated  for 
the  3-5  pm  mid-wavelength  infrared  (MWIR)  and  8-12  pm  long-wavelength  infrared 
(LWIR)  atmospheric  spectral  windows  as  well  as  very  long  wavelength  infrared 
(VLWIR:  >  14  pm)  detection  in  the  past  decade.  The  mature  III-V  compound 

semiconductor  growth  technology  and  the  design  flexibility  of  device  structures  have  led 
to  the  rapid  development  of  various  QWIP  structures  for  infrared  focal  plane  arrays 
(FPAs)  applications.  In  addition  to  the  single-color  QWIP  with  narrow  bandwidth,  the 
multi-color  QWIP  required  for  advanced  IR  sensing  and  imaging  applications  have  also 
been  emerged  in  recent  years.  Using  band  gap  engineering  approach,  the  multi-color  (2, 
3,  and  4-  color)  QWIPs  using  multi-stack  quantum  wells  with  different  well  width  and 
depth  and  voltage-tunable  triple-  coupled  quantum  well  (TCQW)  structure  for  detection 
in  the  MWIR,  LWIR,  and  VLWIR  bands  have  been  demonstrated.  In  this  paper,  the 
design,  fabrication,  and  characterization  of  a  voltage-tunable  2-stack  3-color  QWIP  for 
MW/LW/LW  IR  detection  and  a  3-stack  3-color  QWIP  for  detection  in  the  water,  ozone, 
and  CO2  atmospheric  blocking  bands  are  depicted. 


1.  INTRODUCTION 

Recent  advances  in  III-V  semiconductor  epitaxial  layer  growth  techniques  such  as 
molecular  beam  epitaxy  (MBE)  [1]  and  metalorganic  chemical  vapor  deposition 
(MOCVD)  have  made  it  possible  to  grow  a  wide  variety  of  novel  semiconductor  hetero¬ 
structures.  Significant  progress  has  been  made  in  quantum  wells  and  superlattice 
optoelectronic  devices  using  these  growth  techniques.  The  quantum  well  is  formed  by 
using  an  ultra  thin  layer  of  narrow  band  gap  semiconductor  (e.g.,  GaAs)  sandwiched 
between  two  thin  wider  band  gap  semiconductor  (e.g.,  AlGaAs)  barrier  layers.  The 
motion  of  the  carriers  perpendicular  to  the  layers  becomes  quantized  so  that  localized 
two-dimensional  subbands  of  quantized  states  are  formed  inside  the  quantum  well.  [2] 
Early  proposals  of  using  optical  intersubband  transitions  in  quantum  wells  for  IR 
detection  were  made  by  Chang  et  al.  [3],  Esaki,  Tsu,  and  Sakaki[4-5],  and  Coon  and 
Karunasiri  [6].  The  intersubband  absorption  in  GaAs  quantum  wells  was  first  observed 
by  West  and  Eglash  [7]  and  followed  by  Harwit  and  Harris  [8].  Levine  et  al.  [9] 
demonstrated  the  first  GaAs  QWIP  in  1987.  Since  then,  QWIPs  based  on  the  bound-to- 
bound  (B-B),  bound-to-continuum  (B-C)  [10],  and  bound-to-miniband  (B-M) 
[1  IJtransitions  have  been  widely  investigated  for  the  3  to  5  pm  mid-wavelength  infrared 
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(MWIR)  and  8  to  14  long-wavelength  infrared  (LWIR)  detection  [12-13]. 
Additionally,  there  is  a  considerable  interest  in  the  development  of  multi-stack  and 
voltage-  tunable  asymmetrical  coupled  quantum  well  structures  for  multi-color  focal 
plane  array  (FPA)  applications  in  the  MWIR  and  LWIR  atmospheric  spectral  windows. 
[14] 

One  major  difference  between  the  QWIP  and  other  IR  detectors  is  that  QWlPs  use 
intersubband  transitions  either  in  the  conduction  band  (n-type)  or  in  the  valence  band  (p- 
type)  to  detect  IR  radiation.  The  basic  intersubband  transition  schemes  for  n-type  QWIPs 
include  (a)  bound-to-bound  (B-B),  (b)  bound-to-continuum  (B-C),  (c)  bound-to-miniband 
(B-M),  and  (d)  bound-to-quasi-bound  (BQB)  transitions.  By  using  different  well  widths 
and  barrier  heights,  the  detection  wavelengths  of  QWIPs  can  be  tuned  from  3  to  20  pm 
and  beyond.  Depending  on  where  the  upper  excited  states  are  located  and  the  barrier 
layer  structure,  the  intersubband  transitions  in  a  QWIP  can  be  based  on  the  B-B  state,  B- 
M  state,  BQB  state,  and  the  B-C  state  transitions.  Among  the  various  types  of  QWIPs 
reported,  the  GaAs/AlGaAs  QWIP  structures  using  the  B-C  and  B-M  transitions  are  the 
most  widely  used  material  systems  and  structures  for  the  fabrication  of  large  fonnat  FPAs 
for  MWIR  and  LWIR  imaging  applications.  Multi-color  QWIPs  using  the  multi-  staek 
and  voltage -tunable  asymmetrical  coupled  quantum  well  structures  such  as  the  triple- 
coupled  (TC-)  QWIP  have  received  considerable  interest  in  recent  years.  [14-18]  The 
multi-stack  structure  is  usually  employed  to  obtain  multi-color  detection  in  the  MWIR 
and  LWIR  atmospheric  spectral  windows.  Using  quantum  confined  Stark  effect,  the 
voltage  tunable  TC-  QWIP  has  also  been  reported  for  multi-color  detection.  [14,16] 

Section  2  presents  a  voltage-tunable  2-stack  3-color  QWIP  for  the  MW/LW/LW  IR 
detection  using  an  InGaAs/AlGaAs  B-C  QWIP  for  the  MWIR  stack  and  an 
InGaAs/AIGaAs/GaAs  TC-  QWIP  for  the  LWIR  stack.  A  3-stack  3-color  QWIP  using 
the  graded  barrier  structure  for  detection  in  the  water  (MWIR),  ozone  (LWIR),  and  the 
CO2  (VLWIR)  atmospheric  blocking  bands  is  depicted  in  section  3.  Conclusions  arc 
given  in  section  4. 

2.  A  2-STACK  3-COLOR  QWIP  FOR  MWIR/LWIR  DETECTION 

A  2-stack  3-color  QWIP  structure  used  in  this  study  was  grown  on  a  semi-insulating 
(SI)  GaAs  substrate  by  using  the  molecular  beam  epitaxy  (MBE)  technique.  The  bottom 
stack  is  an  InGaAs/AlGaAs  B-C  QWIP  grown  on  the  semi-insulating  (SI)  GaAs  substrate 
for  MWIR  detection.  This  MWIR  QWIP  consists  of  3  periods  of  a  4.3  nm  Ino,3Gao,7As 
quantum  well  Si-doped  to  Nj  =  2.5x  lO'^  cm’^  and  an  undo^ed  30  nm  Alo.^Gao  7AS  barrier. 
The  ohmic  contact  layers  (Si-doped  to  Nj  =  2x10'*^  cm'^)  were  grown  on  the  top  and 
bottom  of  the  MWIR  stack.  The  top  stack  is  a  two-  color  TC-  QWIP,  which  was  grown 
on  top  of  the  MWIR  stack  for  LWIR  detection.  The  basic  structure  of  the  TC-QWIP  is 
composed  of  5  periods  of  TCQW  separated  by  two  thin  (20  A)  Alo.o8Gao.<)2As  barrier 
layers.  The  TCQW  is  formed  by  a  65  A  Si-doped  (7xl0”cm'^)  Ino.isGao.K^As  deep  well 
and  two  60  A  undoped  InoosGao^sAs  shallow  wells.  In  this  structure,  the  well  width  was 
designed  to  create  three  subbands  (i.e.,  Ei,  E2,  and  E3  states)  within  the  quantum  wells 
with  dominant  transitions  from  the  E|  to  E3  and  Ei  to  Ec  states,  with  detection  peak 
wavelengths  longer  than  previously  reported  values. [  1 7]  For  ohmic  contacts,  two  heavily 
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doped  (Nd  =  2x10*^  cm’^)  GaAs  contact  layers  were  grown  on  the  top  and  bottom  of  the 
active  TCQW  absorber  layers.  To  reduce  the  tunneling  injection  current  from  contacts  to 
the  quantum  wells,  a  1 00  nm  thick  undoped  GaAs  spacer  layer  was  also  grown  between 
the  active  TCQW  absorber  layers  and  the  top/bottom  contact  layers. 


I  nojG  ao.yAs/ AI0.3G  aojAs 


Figure  1  The  schematic  energy  band  diagram  for  a  2-stack  3-color  QWIP 

Figure  1  shows  the  schematic  conduction  band  diagrams  and  the  intersubband 
transition  scheme  for  this  2-stack  MWIR  BC-QWIP  and  LWIR  TC-QWIP.  For  the  TC- 
QWIP,  due  to  the  strong  coupling  effect  of  the  three  asymmetrical  QWs  and  two  thin 
AlGaAs  barriers,  the  bound  states  in  the  shallow  wells  and  the  first  and  second  excited 
states  in  the  deep  well  are  coupled  to  form  the  second  and  third  bound  states  (i.e.,  E2  and 
E3  states)  inside  the  quantum  wells.  In  this  TC-QWIP  stack,  we  observed  two  detection 
peaks  in  the  LWIR  band  under  negative  bias  condition.  The  first  peak,  which  corresponds 
to  the  Ei-Ec  bound-to-continuum  (BC)  transition,  was  observed  at  10  pm  and  shifted  to 
9.2  pm  when  the  applied  bias  varied  from  -1.2  V  to  -1.9  V.  When  the  bias  voltage  was 
increased  above  -1.4  V,  a  second  peak  appeared  around  12  pm,  which  corresponds  to  the 
bound-to-bound  (BB)  states  transition  between  the  Ei  and  E3  states  as  shown  in  Figure  1. 
By  increasing  the  bias  voltage  from  -1.5  V  to  -1.9  V  we  also  observed  the  wavelength 
shifting  from  12.2  pm  to  12  pm  for  the  second  peak.  As  for  the  MWIR  BC-QWIP  the 
peak  detection  wavelength  corresponding  to  the  Ei  to  Ec  states  transition  is  at  5.1  pm. 

Figure  2  (a)  and  (b)  show  the  dark  current  density-voltage  (J-V)  characteristics  for 
this  QWIP  device  measured  at  different  temperatures  along  with  the  300K-  background 
window  current  measured  with  an  180°  field  of  view  (FOV)  at  20K.  As  expected  from  the 
asymmetrical  quantum  well  structure,  the  dark  current  curves  of  the  TC-QWIP  stack  are 
highly  asymmetrical  under  positive  and  negative  bias  conditions.  This  asymmetrical  J-V 
characteristic  is  attributed  to  the  difference  in  the  effective  barrier  height  experienced  by 
the  electrons  under  positive  and  negative  bias  conditions.  The  MWIR  QWIP  stack  is 
under  background  limited  performance  (BLIP)  for  -0.95V  <Vb<  0.9V  at  T  =  77  K,  and 
the  BLIP  temperature  is  at  T  =  90  K  for  -0.5V<Vb<0.4V. 
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ra^  Bottom  stack  TR-C  OWIP^  (b)  Top  stack  (TC-QWIP) 


Ficmre  2  Dark  1-V  characteristics  for  the  2-stack  3-color  OWIP. 

Figure  3  (a),  (b),  (c),  and  (d)  show  the  spectral  responsivity  of  the  MWIR  QWIP 
stack  measured  at  different  bias  voltages  and  temperatures.  The  photoresponsc  was  due  to 
the  B-C  states  transition  for  this  MWIR  QWIP  stack.  At  T  =  77  K,  the  peak  responsivities 
under  negative  biases  were  found  to  increase  with  the  bias  voltage  up  to  -1 .3V  and  the 


Figure  3  Spectral  responsivity  of  the  MWIR  QWIP  stack  measured  at 
T  =  40,  77,  100,  and  120  K  for  the  2-stack  3-coIor  QWIP. 
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maximum  responsivity  was  0.27  AAV  at  =  5.1  pm  and  Vb  =  -1.3V,  and  the  peak 
responsivity  was  0.46  A/W  at  Xp  =  5.1  pm,  Vb  =  I.IV  and  T  =  77  K.  The  peak 
wavelength  at  ?ip  =  5.1  pm  was  found  to  be  nearly  independent  of  the  bias  voltage  and 
temperature. 

Figure  4  shows  the  spectral  responsivity  for  the  LWIR  TC-QWIP  stack  under 
negative  biases  and  at  T  =  40  K.  The  peak  responsivity  due  to  the  E1-E3  state  transition 
under  negative  bias  was  1.96  A/W  at  Xp=  12  pm  and  Vb==  -1.9  V.  Under  the  positive  bias 
condition,  the  peak  responsivity  due  to  the  Ei-Ec  transition  was  found  to  be  0.1 1  A/W  at 
9.5  pm  and  Vb  =  0.6  V.  The  relatively  low  responsivity  observed  under  positive  bias 
was  attributed  to  the  very  large  dark  current,  which  makes  the  device  easily  saturated 
with  the  dark  current  even  under  very  small  positive  bias  condition. 


Figure  4  Spectral  responsivity  of  the  LWIR  TC-QWIP  stack  for  the  2-stack  3-color  QWIP. 


Figure  5  (a)  and  (b)  show  the  quantum  confined  Stark  shift  of  the  peak  detection 
wavelength  versus  applied  bias  for  the  TC-QWIP  for  the  E|-Ec  and  the  E1-E3  transitions, 
which  exhibit  a  linear  dependence  of  the  peak  wavelength  on  the  applied  bias  voltage. 
The  wavelength  tunability  by  the  applied  bias  was  achieved  in  the  range  from  9.2  pm  to 
10  pm  and  12  pm  to  12.2  pm  for  the  Ei-Ec  and  E1-E3  transitions,  respectively.  The 
detectivity  was  calculated  from  the  measured  responsivity  and  dark  current.  The  peak 
detectivity,  D*,  for  the  TC-QWIP  can  be  obtained  by  using  the  calculated  noise  gain  from 
the  zero  bias  dark  current  value  and  the  measured  responsivity,  which  was  found  to  be  D 
=  1.59x10'®  cm-Hz'^^/W  at  =  1 2  pm,  Vb  =  -1 .7  V,  and  T  =  20  K. 

A  voltage  tunable  2-stack  3-color  QWIP  using  the  InGaAs/AlGaAs  material  systems 
for  the  MWIR  stack  and  a  voltage-tunable  TC-QWIP  using  Ino.i8Ga{),82As/Alo.o8Gao.92As/ 
Ino.osGao.gsAs  material  systems  for  LW/LW  two-color  detection  has  been  demonstrated  in 
this  section.  A  linear  dependence  of  the  two  peak  wavelengths  with  applied  bias  for  the 
TC-QWIP  stack  was  observed  in  this  device.  By  varying  the  bias  voltages  from  -1.2  V  to 
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Figure  5  The  peak  detection  wavelength  vs.  bias  voltage  for  the  E,-Ec  and  E1-E3  state 
transition  peaks  for  the  LWIR  TC-QWIP  stack. 

-1.9  V  and  -1.5  V  to -1.9  V,  the  wavelengths  of  two  detection  peaks  shift  from  10  pm  to 
9.2  pm  and  12.2  pm  to  12  pm,  respectively.  The  highest  peak  responsivity  under  negative 
bias  was  found  to  be  1 .96  A/W  at  Xp  =  12  pm,  Vb  =  -E9  V,  and  T  =  40K.  The  maximum 
detectivity  for  the  Xp  =  12  pm  peak  was  found  to  be  D*  =  1.59xl0'^‘cm-Hz‘^^/W  at  K/,=  - 
1.7  V  and  T  =  20  K.  As  for  the  MWIR  QWIP  stack  excellent  responsivity  for  the  5.1  pm 
peak  was  obtained  up  to  120  K.  This  2-stack  3-  color  QWIP  can  be  used  for  detection  in 
the  MW/LW/LW  IR  spectral  windows  for  3-color  FPAs  applications. 

3.  A  3-STACK  3-COLOR  QWIP  FOR  HjO,  CO,  AND  CO2  BANDS  DETECTION 

Although  QWIPs  have  been  widely  investigated  for  detection  in  the  3~5  pm  MWIR, 
and  8-14  pm  LWIR  atmospheric  spectral  windows  in  the  past  decade,  however,  none  of 
the  reported  multi-color  QWIPs  have  been  designed  specifically  for  detection  in  the 
atmospheric  blocking  bands.  There  are  three  blocking  bands  in  the  MWIR  to  VLWIR 
regions  that  can  be  used  for  practical  IR  detection.  These  are  the  water  band  (5.5-  7.5 
pm),  the  ozone  (O3)  band  (9.4-  9.9  pm),  and  the  CO2  band  (14-  16  pm),  and  none  of 
these  bands  blocks  the  earthshine  completely  at  exo-atmosphere.  In  a  3-  color 
temperature  estimation  with  earthshine  in  the  exo-atmosphere,  the  accuracy  of  the 
earthshine  ratio  terms  is  maximized  if  one  of  the  detector  colors  is  chosen  in  a  band 
where  the  earth  atmosphere  partially  blocks  the  earthshine.  [18]  Therefore  the  sensitivity 
of  a  QWIP  device  with  one  detection  wavelength  in  the  above  blocking  bands  will  be 
improved  if  the  detector  is  used  in  exo-atmosphcric  interceptors,  space-based  surveillance 
sensors,  or  satellite  mapping.  This  technology  can  be  used  for  multi-color  focal  plane 
arrays  (FPAs),  which  is  an  essential  application  for  QWIPs.  In  this  section,  we  present  a 
specially  designed  3-  stack,  3-  color  QWIP  with  detection  wavebands  in  the  MWIR, 
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Figure  6  The  schematic  conduction  band  diagram  of  the  3-stack  3-color  QWIP  for  the 

MW/LWAT.WIR  detection  covering  the  water,  ozone,  and  CO2  blocking  bands. 


LWIR,  and  VLWIR  spectral  ranges  that  cover  the  above  three  atmospheric  blocking 
bands. 

Figure  6  shows  the  schematic  conduction  band  diagram  and  intersubband  transition 
schemes  of  a  3-stack  3-color  QWIP  for  the  MW/LWWLW  IR  detection.  The  bottom 
stack  is  designed  to  detect  the  infrared  radiation  with  wavelengths  covering  the  water 
blocking  band.  This  stack  consists  of  5  periods  of  500A  AlxGai-xAs  barrier  and  64  A 
Ino,i5Gao.85As  well  doped  to  Nd=2xl0*^  cm'l  The  500A  ARGai.xAs  barrier  is  composed 
of  460  A  AlxGai-xAs  graded  barrier  with  x  varied  from  0.13  on  the  substrate  side  to  0.17 
and  two  20  A  Alo.5Gao.5As  tunneling  barriers  grown  on  both  sides  of  the  graded  barrier. 
The  middle  stack  is  designed  to  detect  the  wavelengths  covering  the  ozone-  blocking 
band.  This  stack  was  grown  using  10  periods  of  500 A  Alo.1Gao.9As  barrier  and  63  A 
Ino.1Gao.9As  well  doped  to  Nd=8xl0'^  cm"^.  The  detection  wavelengths  for  the  top  stack 
cover  the  CO2  blocking  band,  and  this  stack  was  grown  with  20  periods  of  500 A  AUGai. 
xAs  barrier  and  60  A  lno.05Gao.95As  well  doped  to  Nd=5xl0’^  cm’l  The  A^Gai.xAs  barrier 
was  graded  from  x=0.06  on  the  substrate  side  to  0.08.  The  three  stacks  are  separated  by  a 
0.5  jim  and  0.6  pm  thick  of  highly  doped  intermediate  contact  layers,  and  the  entire 
stacks  were  sandwiched  between  the  0.3  pm  top  -  and  the  0.7  pm  bottom-  contact  layers. 
All  the  contact  layers  were  doped  with  silicon  impurity  to  Nd=  2x10^^  cm’^  to  attain  low 
contact  resistance. 

The  multi-layer  transfer  matrix  method  (TMM)  was  used  to  calculate  the  peak 
detection  wavelengths  for  this  3-  stack  3 -color  QWIP. [19]  The  calculated  peak  detection 
wavelength  for  the  bottom  stack  is  6.5  pm,  which  is  centered  at  the  water-  blocking  band. 
As  shown  in  Figure  6,  the  IR  detection  is  based  on  the  intersubband  transition  from  the 
localized  ground  state  (Eu)  to  the  bound  states  (E21,  E31)  and  the  quasi-continuum  states 
(E41,  £51),  and  the  peak  wavelength  corresponds  to  the  Eii~>E4i  transition  since  £41  is  the 
nearest  energy  state  to  the  top  of  the  graded  barrier  (i.e.,  AlxGai-xAs  with  x  =  0.17)  where 
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the  excited  state  is  confined  inside  the  quantum  well  with  the  highest  electron  escape 
probability.[20]  The  thin  Alo.sGaosAs  double  barriers  are  used  to  increase  the  barrier 
height  which  gives  a  larger  energy  spacing  between  the  ground  state  and  the  excited 
states  for  the  MWIR  stack.  The  main  benefit  of  the  graded  barriers  is  that  it  creates 
multiple  excited  states,  which  result  in  a  broader  detection  bandwidth  as  compared  to  the 
regular  rectangular  QWIP  used  in  the  MWIR  band. 

The  calculated  peak  wavelength  for  the  LWIR  stack  is  9.7pm,  which  is  centered  at 
the  ozone-  blocking  band.  The  IR  detection  is  based  on  the  intersubband  transition  from 
the  ground  E12  to  the  quasi-bound  E22  states.  To  prevent  the  overlapping  of  IR  detection 
wavelengths  with  the  bottom  stack  (MWIR),  we  employ  the  ground  to  quasi-bound  state 
intersubband  transition,  which  has  a  narrower  bandwidth  than  the  ground-continuum  state 
transition.  In  addition,  E22  is  in  resonance  with  the  top  of  the  barrier  to  achieve  maximum 
responsivity. 

The  calculated  peak  detection  wavelength  for  the  top  stack  is  1 5  pm.  The  dominant 
intersubband  transitions  are  from  the  ground  state  E12  to  the  bound  states  E23.  quasi-bound 
state  E33,  and  to  the  continuum  state  E43.  The  peak  responsivity  is  expected  from  the 
transition  of  the  En  to  E33  states.  The  major  concern  with  a  VLWIR  QWIP  is  the  high 
dark  current  caused  by  the  themiionic  emission  at  the  desired  operating  temperature  due 
to  its  low  energy  barrier.  Using  graded  barriers  can  reduce  the  dark  current  under 
negative  bias  conditions  as  compared  to  the  rectangular  barriers. 

InxGai-xAs  quantum  wells  were  used  in  all  three  QWIP  stacks  to  enhance  the 
intersubband  absorption  due  to  the  smaller  electron  effective  mass  in  this  material  system 
than  that  of  GaAs.  This  in  turn  will  increase  the  detection  sensitivity  of  optical  signals 
that  are  partially  blocked  by  the  water,  ozone,  and  CO2  bands  in  the  atmosphere.  The 
number  of  QWs,  barrier  widths  and  doping  densities  are  chosen  so  that  reasonable  bias 
voltage  distribution  among  all  three  stacks  can  be  achieved  without  having  to  operate  the 
device  at  very  high  bias  voltage. 

Figure  7  shows  the  dark  current  density-voltage  (J-V)  characteristics  measured  at 
different  temperatures  for  the  3  stacks  along  with  the  300K-  background  window  current 
density  with  a  180°  field  of  view  (FOV).  Figure  7  (a)  shows  the  dark  J-V  curves  for  the 
bottom  stack  measured  at  T  =  40,  60,  77,  90K.  The  device  is  under  background  limited 
performance  (BLIP)  for  -2.8V  <  Vb  <  OV,  at  T  =  60K.  Figure  7  (b)  shows  the  dark  J-V 
curves  for  the  middle  stack  measured  at  T=  40,  60,  77  and  90K,  and  the  BLIP  condition 
occurs  at  Vb=  -0.5V,  T=  77K  and  at  Vb=  1 . 1 V,  T  =  90K.  Figure  7  (c)  shows  the  dark  J-V 
curves  for  the  top  stack  measured  at  T=  30,  40,  50,  60,  77  K,  and  the  device  is  under 
BLIP  condition  over  the  entire  range  of  the  applied  bias,  at  T  =  30K.  The  MWIR  stack, 
with  the  highest  effective  barrier  height,  has  the  lowest  dark  current  density  under  same 
temperature  and  bias  conditions  as  the  LWIR  and  VLWIR  stacks.  The  asymmetrical  dark 
current  versus  bias  characteristic  observed  in  the  bottom  and  top  stacks  is  attributed  to  the 
asymmetrical  barrier  height  under  the  positive  and  negative  bias  conditions.  This 
asymmetrical  behavior  is  more  obvious  in  the  bottom  stack  due  to  the  steeper  slope  of  the 
graded  barrier.  However,  the  asymmetrical  dark  J-V  curves  observed  in  the  middle  stack 
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were  caused  by  the  dopant  impurity  migration  effect  associated  with  the  MBE  growth. 
The  photocurrent  spectra  were  measured  with  a  45°  facet  backside  illumination  using  a 
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Figure  7  Dark  J-V  characteristics  of  the  3-stack  3-color  QWIP:  (a)  MWIR  stack;  (b) 
LWIR  stack,  and  (c)  VLWIR  stack. 


calibrated  blackbody  source  at  1000  K.  Figure  8  (a)  shows  the  spectral  responsivity  of 
the  bottom  stack  measured  at  40K  for  the  MWIR  stack.  The  peak  detection  wavelength  is 
Xp  =  6.5  jim,  which  agrees  well  with  the  calculated  value,  and  was  found  nearly 
independent  of  temperature  and  applied  bias  voltage.  The  cut-on  and  cut-off  wavelengths 
for  the  full-width  at  half-  maximum  (FWHM)  are  5.9  pm  and  7.0  pm,  respectively,  with 
A  XX.p=  16.9%.  The  detection  bandwidth  for  this  stack  covers  the  major  portion  of  the 
water-  blocking  band.  A  peak  responsivity  of  0.13  AAV  at  Xp  =  6.5  pm  was  obtained  at 
Vb  =  -0.13V  and  T  =  40K,  and  it  remains  nearly  constant  for  temperatures  up  to  77K.  A 
dark-current  detectivity  of  D*  =  8.5xl0'^  cm-Hz'^^AV  at  Vb=  -1.3V,  T=  40K  was  obtained 
for  this  stack. 
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Figure  8  (b)  shows  the  spectral  responsivity  measured  at  different  biases  for  the 
middle  stack  at  T  =  40K.  The  peak  detection  wavelength  is  at  ?Lp  =  10. 1  |im  for  this  stack. 
The  result  shows  a  slight  red-  shift  compared  to  the  calculated  peak  wavelength,  which 
may  be  attributed  to  the  uncertainty  of  the  conduction  band  offset  value  used  in  our 
calculation.  The  FWHM  for  this  middle  stack  is  9.1  pm  -1 1.2  pm,  with  A  Xkp=  20.8%, 
which  covers  the  entire  ozone  band.  A  peak  responsivity  of  1 .08  A/W  was  obtained  at  Xp 
=  10.1  pm,  Vb  =  -1.4V  and  T  =  40K,  with  a  detectivity  of  D*  =  1.5x10"’  cm-Hz"^/W. 
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Figure  8  Spectral  responsivity  of  the  3-stack  3-color  QWIP  for  MW/LWA^LWIR 
detection:  (a)  MWIR  stack,  (b)  LWIR  stack,  and  (c)  VLWIR  stack. 

Figure  8  (c)  shows  the  spectral  responsivity  of  the  top  stack  measured  at  T  =  30  K. 
The  peak  detection  wavelength  is  at  15.1  pm  for  this  VLWIR  stack.  The  FWHM  is  from 
12.2  pm  to  16.9  pm  with  A  XAp=31.1%,  which  covers  the  CO2  band.  The  peak 
responsivity  is  0.42  A/W  at  15.1  pm,  Vb  =  -1.1  V  and  T  =  30  K,  with  D*  =  1.2x10" 
cm-Hz  '“/W.  The  value  of  D  decreases  sharply  with  increasing  temperature  to  8.3x10*^ 
cm-Hz'  "/W  at  Vb=-0.2V,  Xp=15.1pm,  and  T  =  40K.  Reported  D*  values  for  the  VLWIR 
(?Lp=l5~17.5  pm)  InGaAs/AlGaAs  QWIPs  were  in  the  10‘’~10'^  cm-Hz"“/W  range  for 
T=  20K~  40K.  [21-24]  It  should  be  pointed  out  that  the  H2O  and  CO2  bands  arc  not 
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completely  blocked  in  the  atmosphere.  Thus,  the  optical  signals  are  not  totally  blocked  in 
the  atmosphere,  and  the  ozone  layer  does  not  influence  the  optical  signal  measuring  on 
the  earth  surface.  As  a  result,  a  relatively  large  spectral  responsivity  can  still  be  obtained 
in  this  3-  stack  3-  color  QWIP. 

In  summary,  we  have  demonstrated  a  high  performance  3-stack  3-color  QWIP 
designed  specifically  for  the  exo-  atmospheric  detection  with  peak  detection  wavelength 
centered  at  the  water,  ozone,  and  CO2  blocking  bands  in  the  atmosphere.  The 
characteristic  and  performance  of  this  3-stack  3-color  QWIP  have  been  depicted  in  this 
section.  The  detection  bandwidths  of  this  QWIP  over  the  majority  or  entire  region  of  the 
three  blocking  bands  in  the  atmosphere,  and  the  detector  can  be  used  for  the  exo- 
atmospheric  multi-color  IR  FPAs  imaging  applications. 

4.  CONCLUSIONS 

In  this  paper,  the  design,  growth,  and  characterization  of  a  2-stack  3-color  QWIP  for 
MW/LW/LW  IR  detection  and  a  3-stack  3-color  QWIP  for  MW/LWA^LW  IR  detection 
have  been  depicted.  Excellent  performance  in  both  QWIPs  has  been  achieved.  The 
flexibility  of  the  QWIP  structures  by  the  MBE  growth  made  the  QWIP  device  an 
excellent  candidate  for  multi-color  FPAs  applications  in  the  MWIR  to  VLWIR  spectral 
windows. 
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ABSTRACT 

The  integration  of  a  bowtie  antenna  with  a  double  electron  layer  tunneling  transistor 
(DELTT)  device  for  the  purposes  of  THz  detection  is  investigated  in  this  paper.  The  con¬ 
cept  of  THz  detection,  based  on  photon-assisted  tunneling  (PAT)  between  the  two  electron 
layers  in  a  double  quantum  well  (DQW)  heterostructure,  will  be  explained.  The  detector 
is  expected  to  have  narrowband,  electrically  tunable,  fast  response,  and  the  possibility  to 
operate  at  relatively  high  temperatures.  Since  the  active  area  of  the  detector  is  very  small, 
which  is  necessary  to  achieve  fast  response,  it  is  not  efficient  in  collecting  THz  radiation. 
Therefore,  a  broadband  bowtie  antenna  is  integrated  with  the  detector  to  efficiently  collect 
the  THz  radiation.  Characteristics  of  different  bowtie  antenna  geometries  at  THz  frequen¬ 
cies  were  studied.  An  equivalent  circuit  model  of  the  THz  detector  was  developed,  for  the 
first  time,  to  estimate  the  impedance  characteristics  at  THz  frequencies.  Such  a  model  is 
crucial  for  achieving  impedance  matching  between  the  DELTT  and  the  antenna  to  increase 
the  overall  coupling  efficiency. 

INTRODUCTION 

The  last  frontier  in  high-frequency  electronics  research  lies  in  the  terahertz  regime  (other 
names  are  submillimeter  wave  or  far  infrared,  FIR)  between  microwaves  and  the  infrared 
(i.e.,  0.3-15  THz).  The  technical  advantages  of  the  terahertz  frequency  regime  are  many 
(e.g.,  wider  bandwidth,  improved  spatial  resolution,  compactness);  however,  the  solid-state 
electronics  capability  within  the  THz  frequency  regime  remains  extremely  limited  from  a  ba¬ 
sic  signal  source  and  systems  perspective  (i.e.,  output  power  <  mwatts).  This  limited  devel¬ 
opment  results  from  the  confluence  of  two  fundamental  factors.  First,  extremely  challenging 
engineering  problems  exist  in  this  region  where  wavelength  is  on  the  order  of  component  size. 
Second,  the  practical  and  scientific  applications  of  this  shorter-wavelength  microwave  region 
have  been  restricted  in  the  past  to  a  few  specialized  fields  (e.g.,  molecular  spectroscopy).  On 
the  lower  frequency  side,  electronic  devices  have  an  upper  frequency  limit  of  several  hun¬ 
dred  GHz  due  to  transient  times  and  parasitic  RC  time  constants.  On  the  higher  frequency 
side,  photonics  devices,  such  as  interband  laser  diodes,  can  only  be  operated  at  frequencies 
above  the  material’s  energy  gap,  which  is  greater  than  40  meV  (or  10  THz).  Today,  more 
and  more  important  applications  of  THz  technology  are  rapidly  emerging  that  have  civilian 
and  military  applications.  For  example,  the  strong  absorption  of  electromagnetic  energy 
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by  atmospheric  molecules,  above  300  GHz,  makes  any  communications  link  impossible  to 
achieve.  On  the  other  hand,  this  same  fundamental  interaction  mechanism  suggests  THz 
electronics  to  be  a  very  promising  tool  for  the  identification  and  interrogation  of  chemical 
and  biological  (CB)  agents.  Other  important  applications  of  THz  technologies,  ranging  from 
space  exploration  and  atmospheric  studies  to  plasma  and  fusion  research,  appear  in  [l]-[8]. 

In  all  of  these  applications,  one  kind  of  a  detector  or  another  is  needed  to  transform  the 
collected  radiation  into  a  useful  electrical  signal  that  can  be  related  to  the  frequency  and 
strength  of  that  radiation.  The  THz  detector  discussed  in  this  paper  makes  use  of  photon- 
assisted  tunnelling  (PAT)  between  multiple  quantum  wells  (QWs)  when  the  correct  biasing 
is  established,  and  the  radiation  has  the  correct  frequency.  A  general  characteristic  of  all 
detectors  working  at  THz  frequencies  is  the  difficulty  of  coupling  THz  radiation  efficiently  to 
the  active  part  of  the  detector  for  processing,  and  the  prohibitive  material  losses  at  such  high 
frequencies.  The  efficiency  of  the  detector  can  be  enhanced  by  incorporating  an  antenna,  and 
since  the  first  work  at  THz  frequencies,  it  was  realized  that  the  antenna  should  be  integrated 
lithographically  with  the  detector,  and  the  coupling  of  THz  radiation  should  be  done  quasi- 
optically.  The  purpose  of  a  feed  antenna  is  to  couple  power  from  a  wave  in  free  space  into  a 
device  that  is  much  smaller  than  a  wavelength.  Since  the  performance  of  nearly  all  submil¬ 
limeter  and  IR  devices  (diodes,  tunnel  junctions,  etc)  improves  as  their  physical  dimensions 
are  reduced,  feed  antennas  are  a  critical  component  of  any  system  that  transmits  or  receives 
high  frequency  radiation.  Since  high  frequency  devices  are  manufactured  lithographically, 
it  is  natural  to  directly  integrate  the  feed  antenna  onto  the  same  dielectric  substrate.  The 
advantages  of  such  lithographic  antenna  (or  quasi-optical)  are  many.  Compared  to  other 
feeding  schemes  such  as  waveguide  coupling,  the  fabrication  is  much  cheaper,  more  accurate, 
more  robust,  and  more  suitable  for  building  large  arrays.  General  reviews  of  lithographic 
antenna  engineering  for  mm- wave  and  THz  frequencies  can  be  found  in  [9]- [15]. 

The  principle  of  operation  of  the  detector  discussed  in  this  paper  is  based  on  photon 
assisted  tunnelling  in  a  Double  Electron  Layer  Tunnelling  Transistor  (DELTT).  A  general 
overview  of  the  original  structure  of  the  detector  is  shown  in  Fig.  1.  It  consists  of  a  bowtie 
antenna  integrated  with  a  DQW  PAT  THz  detector.  Since  the  detector  area  is  very  small, 
which  is  necessary  for  fast  response,  it  cannot  collect  much  of  the  THz  radiation,  and  there¬ 
fore,  the  detection  of  such  radiation  is  very  difficult.  The  bowtie  antenna  is  used  to  efficiently 
collect  the  THz  radiation  and  feed  it  to  the  detector  for  processing.  Bowtie  antenna  is  used 
because  of  its  broadband  response,  easy  design  and  fabrication,  and  its  compatibility  with 
the  detector  fabrication  process.  In  the  following  sections,  the  principle  of  operation  of  the 
detector  and  its  fabrication  are  be  briefly  discussed.  Then,  simulation  results  of  the  bowtie 
antenna  at  THz  frequencies  are  discussed.  Finally,  a  simple  and  accurate  equivalent  circuit 
model  of  the  THz  detector  is  developed  and  discussed. 

PRINCIPLE  OF  OPERATION 

The  basic  idea  is  to  bias  the  DELTT  transistor  so  that  it  is  off,  i.e.  tunnelling  cannot 
occur  because  the  dispersion  curves  of  the  two  QWs  do  not  coincide  (the  structure  of  the 
DELTT  transistor  is  similar  to  that  shown  in  Fig.  1,  but  without  the  bowtie  antenna).  An 
infrared  photon  of  the  correct  energy  can  then  be  used  to  complete  the  energy-conservation 
conditions,  adding  energy  to  electrons  in  the  higher  density  QW  so  that  they  can  resonantly 
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Figure  1:  An  overview  of  the  DQW  THz  detector  integrated  with  a  bowtie  antenna.  The 
top  and  bottom  bows  are  connected  to  the  top  and  bottom  control  gates,  respectively.  The 
control  gates  are  used  to  change  the  density  of  electrons  in  each  QW,  and  therefore  provide 
the  electrical  tunable  characteristic  through  a  DC  bias.  The  depletion  gates  are  used  to 
deplete  the  QW  the  one  does  not  wish  to  contact.  The  top  QW  contact  is  called  the  source, 
and  the  bottom  QW  contact  is  called  the  drain.  The  structure  without  the  bowtie  antenna 
is  called  DELTT. 

tunnel  into  the  lower  density  QW.  Conceptually,  the  device  behaves  analogously  to  a  p-n 
junction  photodiode:  in  order  for  electrons  to  move  from  the  high  potential  region  to  the  low 
potential  region,  they  must  first  overcome  an  energy  barrier.  In  the  p-n  junction  photodiode, 
this  is  accomplished  by  exciting  an  electron  from  the  valence  band  to  the  conduction  band,  i.e. 
creating  an  electron-hole  pair.  In  the  DELTT  THz  detector,  however,  this  is  accomplished 
by  exciting  an  electron  at  a  given  transverse  momentum  in  one  QW,  to  a  higher  energy  state 
at  the  same  k  in  the  other  QW,  as  shown  in  Fig.  2.  In  the  absence  of  photons,  resonant 
tunnelling  can  only  occur  when  there  exist  states  in  both  QWs  with  identical  energy  and  in¬ 
plane  momentum.  Because  both  layers  are  2D,  their  allowed  states  each  form  a  paraboloid 
having  states  only  on  the  surface.  Without  THz  radiation,  no  pairs  of  states  of  identical 
momentum  and  energy  exist,  and  so  tunnelling  does  not  occur.  A  THz  photon  of  the  correct 
energy,  however,  will  complete  the  energy-conservation  conditions  by  exciting  an  electron  at 
a  given  in-plane  momentum  k  in  one  QW,  to  a  higher  energy  state  at  the  same  k  in  the 
other  QW.  This  photon-assisted  tunnelling  transition  causes  current  to  flow  between  source 
and  drain.  What  is  unique  and  exciting  about  the  DQW  photodetector  is  that  (1)  neglecting 
higher  subbands,  only  a  single  energy  will  complete  the  energy  conservation  conditions  for 
all  the  electrons,  irrespective  of  their  in-plane  momentum  values  k,  and  this  results  in  a  very 
narrowband  response.  In  addition,  (2)  the  energy  of  the  transition  can  be  readily  controlled 
by  a  gate  voltage  and/or  source  drain  bias  Vsd,  which  makes  it  possible  to  obtain  a  tunable 
THz  detector.  A  more  detailed  discussion  about  the  device  operation  and  fabrication  can  be 
found  in  [16]-[21]. 
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Figure  2:  Sketch  of  the  dispersion  curve  of  a  double  quantum  well  FIR  detector  structure. 

By  applying  DC  bias  to  the  top  or  bottom  control  gate,  the  electron  density  in  either 
QW  will  change  accordingly,  and  the  peak  of  the  tunneling  current  will  change  in  position 
and  magnitude.  Therefore,  the  control  gates  can  be  used  to  create  an  electrically  tunable 
THz  detector  over  a  broadband  of  THz  frequencies. 

The  DQW  structure  is  an  MBE-grown  modulation  doped  heterostructure  using  the 
AlxGai-iAs  material  system.  Then,  the  EBASE  technique  [21]  is  used  to  finish  the  fab¬ 
ricate  of  the  DQW  structure  by  adding  front  and  back  gates.  Here,  we  briefly  discuss  the 
basic  steps  involved  in  the  device  fabrication  as  shown  in  Figure  3,  and  a  more  detailed 
discussion  about  the  fabrication  process  is  found  in  [21].  The  first  step  is  to  grow  the  dou¬ 
ble  quantum  well  epitaxial  structure  on  a  sacrificial  substrate.  Then,  the  front  side  of  the 
structure  is  processed  by  making  the  ohmic  contacts  and  patterning  the  top  gates  using 
conventional  methods,  as  shown  in  Figure  3(a).  After  processing  the  front  side,  the  sample 
is  epoxied  to  a  host  substrate  as  shown  in  Figure  3(b).  Then,  the  original  sacrificial  sub¬ 
strate  on  which  the  active  layers  were  grown  is  removed  by  etching  as  shown  in  Figure  3(c). 
Etching  stops  on  a  Alo.72Gao.28As  stop  etch  layer  grown  at  the  base  of  the  epitaxial  layer 
structure.  Finally,  the  back  surface  is  processed  by  patterning  the  back  gates  and  etching 
via  holes  through  the  active  layers  to  the  front  side  electrical  contact  pads  for  the  gates  and 
ohmic  contacts  as  shown  in  Figure  3(d). 

The  different  dielectric  and  metallic  layers  that  are  used  to  construct  the  detector  are 
shown  in  Fig.  4.  The  active  area  of  the  detector  is  about  10/imxl2/im,  which  is  only  a  small 
fraction  of  the  whole  detector  area  (including  the  antenna).  The  most  important  layers  in 
Fig.  4  are  the  active  layer  which  contains  the  QWs,  the  epoxy  layer,  and  the  GaAs  substrate. 
The  leaves  of  a  bowtie  antenna  are  connected  to  the  top  and  bottom  control  gates,  as  shown 
in  Fig.  1.  A  photo  of  a  THz  DQW  detector  with  bowtie  antenna  fabricated  at  Sandia  Na¬ 
tional  Laboratory  is  shown  in  Fig.  5. 
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Figure  3:  Main  steps  in  the  device  fabrication  using  the  EBASE  technique  (a)  pattern 
frontside,  (b)  epoxy  frontside  down  to  host  substrate,  (b)  remove  original  substrate  by  etch¬ 
ing  to  stop-etch  layer,  and  (d)  pattern  backside,  including  backgates  and  vias  to  frontside 
electrical  contact  pads. 
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Figure  4:  Cross  sectional  view  of  the  DQW  THz  detector  showing  the  different  dielectric  and 
metallic  layers  used  in  the  device  after  fabrication.  The  GaAs  substrate  thickness  is  about 
500  fim,  epoxy  layer  of  about  2  fim,  and  the  epitaxial  layer  of  about  1  fim.  The  insulator 
thickness  is  about  200  A°. 
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Figure  5:  (a)  An  SEM  photo  of  a  bowtie  antenna  fabricated  with  the  DQW  PAT  THz 
detector.  The  photo  corresponds  to  the  design  shown  schematically  in  Fig.  1,  and  (b) 
Zoomed-in  view^  of  (a),  showing  the  active  DQW  mesa.  The  bottom  gates,  although  beneath 
the  semiconductor  epitaxial  layers,  remain  visible  since  the  electron  beam  easily  penetrates 
them. 

BOWTIE  ANTENNA  SIMULATION 

When  the  bowtie  antenna  shown  in  Fig.  5,  which  has  a  bow  angle  of  120°,  is  simulated, 
the  results  showed  that  the  antenna  does  not  have  a  broadband  characteristic  around  the 
frequency  of  interest  (  2.54  THz).  A  new  bowtie  antenna  layout  is  proposed  as  shown  in 
Fig.  6 (a).  This  antenna  has  a  bow  angle  of  90°  which  gives  a  self  complementary  design, 
and  therefore  has  a  theoretical  constant  real  input  impedance  equals  to  OOtt  when  the 
antenna  is  suspended  in  free  space  [15].  The  purpose  of  this  antenna  is  to  serve  as  a  broad¬ 
band  antenna  for  coupling  the  THz  radiation  to  the  DQW  detector.  The  antenna  structure 
is  simulated  on  top  of  a  500  /im  GaAs  substrate  using  the  IE3D  simulator  [22].  The  total 
length  of  the  antenna  is  80  /xm.  The  antenna  length  is  chosen  to  be  approximately  two 
wavelengths  long  at  2.54  THz  when  the  antenna  is  placed  on  top  of  a  GaAs  substrate  of 
(-r  =13.1.  The  free  space  wavelength  at  2.54  THz  is  approximately  120  /xm,  and  assuming 
an  effective  dielectric  constant  of  9,  then  the  wavelength  of  the  combined  free  space  and 
substrate  structure  is  about  40  /xm.  The  simulated  values  of  the  input  impedance  is  shown 
in  Fig.  6(b).  The  value  of  the  real  part  is  about  75  0,  and  the  magnitude  of  the  imaginary 
part  less  than  20  The  theoretical  value  the  input  impedance  of  a  self  complementary 
antenna  on  a  GaAs  substrate  is  real  and  equals  approximately  to  74  Q,  which  is  very  close 
from  the  value  obtained  from  the  simulation  results. 

CIRCUIT  MODEL 

In  order  to  achieve  maximum  coupling  between  the  device  and  the  incoming  beam,  the 
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Figure  6;  (a)  Layout  of  the  90°  bowtie  antenna,  (b)  Input  impedance  vs.  frequency.  Solid 
line:  real  part,  line  with  dots:  imaginary  part. 


device  impedance  should  be  equal  to  the  complex  conjugate  of  the  antenna  impedance.  For 
this  purpose,  a  method  to  estimate  the  frequency  dependent  impedance  of  the  DELTT  is 
required.  This  can  be  achieved  by  developing  an  equivalent  circuit  model  of  the  device  which 
incorporates  all  the  important  physical  processes  and  geometrical  dimensions  that  affect  the 
device  operation. 

A  lumped  circuit  model  for  the  DELTT,  valid  at  DC,  is  presented  in  [23].  Another 
equivalent  circuit  model  for  a  single  two-dimensional  electron  gas  (2DEG)  which  is  capac- 
itively  contacted  to  metallic  gates  was  presented  in  [24],  based  on  the  concept  of  kinetic 
inductance.  The  circuit  model  consists  of  either  lumped  elements  or  distributed  elements 
(i.e.  transmission  line),  depending  on  the  structure  dimensions.  The  validity  of  the  model  at 
microwave  frequencies  was  also  experimentally  verified  in  [24].  In  [25],  an  equivalent  model 
for  a  DQW  was  developed  using  transmission  line  theory.  However,  the  model  did  not  take 
into  consideration  the  presence  of  a  gate  on  top  or  below  (or  both)  of  the  DQW  structure. 
The  subject  of  this  paper  is  to  develop  a  general  equivalent  circuit  model  for  the  DELTT 
structure,  which  has  both  top  and  bottom  gates.  This  work  represents  an  extension  to  the 
work  found  in  [24]  and  [25]  to  include  the  effect  of  the  top  and  bottom  gates. 

The  Drude  model  for  the  frequency  dependent  resistivity  of  a  single  2DEG  layer  is  [24]: 

p{0j)  =7^  (1  +  j^rmam)  (l) 

'^mom 

where  n  is  the  electron  density,  e  the  electron  charge,  rrf  the  effective  mass,  and  r^oTTi  the 
momentum  scattering  time.  Equation  1  is  the  sum  of  a  real  part,  which  is  the  resistance,  and 
a  positive,  frequency  dependent,  imaginary  part,  which  can  be  considered  as  an  inductive 
reactance.  This  inductance  is  known  as  the  kinetic  inductance,  because  the  inductive  energy 
is  stored  in  the  kinetic  energy  of  the  electrons.  At  low  frequencies,  the  imaginary  part  of  p 
is  very  small  and  usually  neglected  when  developing  circuit  models  for  the  2DEG.  At  THz 
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frequencies,  however,  the  imaginary  part  becomes  dominant,  and  it  is  necessary  to  include 
in  any  circuit  model.  It  should  be  mentioned  that  the  momentum  scattering  time  r^om  in 
modulation  doped  MBE-grown,  high  mobility  GaAs/AlGaAs  structures  at  low  temperatures 
(<  4K)  is  3-4  orders  of  magnitude  larger  than  in  conventional,  bulk  doped  semiconductors 
at  room  temperature. 

To  ease  the  calculation  of  the  equivalent  circuit  model  for  the  DELTT,  its  cross  section 
is  divided  into  three  different  regions,  as  shown  in  Figure  7.  These  regions  are: 

•  Region  1:  this  region  consists  of  a  section  of  either  the  top  or  the  bottom  QW,  and 
extends  from  the  source  (or  drain)  contact  to  the  end  of  the  bottom  (or  top)  depletion 
gate.  In  this  region,  there  is  no  tunneling.  The  equivalent  circuit  for  this  region  is 
composed  basically  of  a  resistance  in  series  with  inductance.  The  length  of  this  regions 
is  L\. 


•  Region  2:  this  region  consists  of  the  section  of  the  DELTT  between  the  control  gates 
and  the  depletions  gates  where  there  is  overlap  between  the  top  and  the  bottom  QWs, 
and  in  this  region  tunneling  can  occur.  The  equivalent  circuit  for  this  region  is  a 
transmission  line  of  length  L2.  An  incremental  length  of  this  region  consists  of  a 
resistance  R  in  series  with  an  inductance  L,  to  model  each  QW,  and  a  shunt  capacitance 
C  and  conductance  G  to  model  the  capacitance  and  the  tunneling  conductance  between 
the  top  and  bottom  QWs.  The  values  of  the  elements  in  this  region  are  per  unit  length. 

•  Region  3:  this  region  consists  of  the  section  of  the  DELTT  where  there  is  overlap 
between  the  top  and  bottom  QWs,  and  covered  by  the  top  and  bottom  control  gates, 
and  in  this  region  tunneling  can  occur.  The  equivalent  circuit  for  this  region  is  also 
a  transmission  line  of  length  Lg.  An  incremental  length  of  this  region  has  a  similar 
circuit  as  that  of  region  2,  but  with  an  extra  top  and  bottom  capacitors,  Ct  and  Cj,,  to 
model  the  contact  capacitances  between  the  top  control  gate  and  top  QW,  and  between 
the  bottom  control  gate  and  bottom  QW,  respectively.  The  values  of  the  elements  in 
this  region  are  per  unit  length. 

It  should  be  mentioned  that  the  DELTT  structure  studied  here  is  symmetrical,  i.e.  electron 
densities  in  both  QWs  are  the  same.  The  overall  equivalent  circuit  model  for  the  DELTT 
transistor,  with  an  antenna  connected  between  the  top  and  bottom  control  gates,  is  shown 
in  Figure  8.  In  terms  of  mobility  /i,  surface  density  n,  the  width  n;,  dielectric  permittivity  e 
of  the  material  between  the  QWs,  and  distance  between  the  two  QWs  the  values  of  R, 
L,  and  C  in  Figure  8  are  given  by: 


R=: 


1 

enfiw 


(2) 


L  = 


m* 

e^mu 


C  =  (x‘‘‘>“ 
w 


(3) 

(4) 


The  small  signal  tunneling  conductance  G  can  be  obtained  from  the  I-V  curve  of  the  DELTT 
by  taking  the  derivative  of  the  current  with  respect  to  the  applied  bias.  The  element  values, 
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Figure  7:  Cross  section  of  the  DELTT  showing  the  three  regions  used  in  the  calculation  of 
the  equivalent  circuit. 


1  Top  gate  2 


Figure  8:  Equivalent  circuit  model  of  the  DELTT  with  an  antenna  connected  between  the 
top  and  bottom  control  gates.  The  antenna  is  modelled  as  a  current  source  in  parallel  with 
the  antenna  impedance. 

Ra,  Ls,  Rd,  and  shown  in  Figure  8  can  be  calculated  from  equations  2  and  3  by  multiplying 
the  result  from  each  equation  by  the  length  Li.  The  remaining  elements,  Q  and  Cf,,  represent 
the  geometrical  capacitance  between  the  top  gate  and  the  top  QW  and  that  between  the 
bottom  gate  and  bottom  QW,  respectively,  and  can  be  calculated  as  follows: 

Ct  =  e  X  (5) 

w 

a  =  (6) 

to 

where  dt  and  dj,  are  the  distances  between  the  top  gate  and  the  top  QW,  and  the  bottom  gate 
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and  bottom  QW,  respectively,  and  e  is  the  dielectric  permittivity  of  the  material  between 
each  gate  and  the  corresponding  QW. 

We  can  analyze  the  structure  shown  in  Fig.  8  by  assigning  position  dependent  volt¬ 
age  and  current  for  each  transmission  line,  and  then  solve  the  resulting  coupled  differential 
equations.  The  result  will  be  the  position  dependent  voltage  and  current  for  each  line.  The 
input  impedance  between  any  two  points  in  Fig.  8  can  be  found  by  applying  the  appropriate 
boundary  conditions  and  solving  for  the  unknown  coefficients,  and  then  divide  the  appropri¬ 
ate  voltage  and  current.  The  details  of  the  analysis  can  be  found  in  [26).  In  the  following 
subsections,  the  input  impedance  of  the  DELTT  between  the  source  (S)  and  the  Drain  (D), 
and  between  the  top  and  bottom  control  will  calculated  using  the  equivalent  circuit  shown 
in  Fig.  8.  These  are  the  two  possible  locations  were  an  antenna  can  be  connected  to  the 
DELTT  device.  Sample  parameters  values  for  a  DELTT  device  (Sample  G1717)  will  be  used 
in  the  calculations,  and  these  parameters  are  shown  Table  1. 

Table  1:  Sample  parameters  for  the  DELTT  sample  G1717.  The  listed  parameters  are  QW 
widths  {wgw),  tunnel  barrier  thickness  electron  densities  for  the  top  and  bottom  QWs 
[ui  and  Tib  measured  in  distance  from  top  control  gate  to  top  QW  (dj  and 

distance  from  bottom  control  gate  to  bottom  QW  (dt),  device  channel  width  {wchan),  length 
of  the  control  gates  {Leg),  length  of  the  depletion  gates  (Ldg),  and  the  separation  between 
the  control  gates  and  depletion  gates  (Lcg-dg)- 

d(^w  fit  Tib  df  db  Wchan  Leg  L^g  Lcg-dg 

Sample  (yl)  (yl)  (/im)  {fim)  {fim)  {fjim)  [fim]  (^m) 

G1717  150  125  2.0  1.4  0.13  2.2  500  40  10  5 

Calculating  Zsd 

To  calculate  the  input  impedance  between  the  source  and  the  drain,  Zsd,  the  equations 
of  the  voltages  and  currents  in  the  three  regions  are  solved  for  the  unknown  coefficients 
using  the  boundary  conditions  of  a  voltage  source  at  point  5,  and  a  ground  at  the  drain,  D. 
After  finding  the  unknown  coefficients,  the  input  current  at  the  source  is  found,  and  then 
the  voltage  is  divided  by  the  current  at  the  source  to  obtain  Zsd-  Element  values  like  R,  L, 
C,  Ct,  Cb,  Rs,  Rd,  Ls,  and  Ld  are  calculated  from  the  parameters  in  Table  1  using  equations 
2-6.  Applying  the  above  procedure,  we  calculated  Zsd  as  a  function  of  frequency  and  the 
result  is  shown  in  Fig.  9(b).  The  imaginary  part  of  Zsd  increases  slowly  with  frequency 
because  of  the  source  and  drain  conductances  (L,  and  Ld).  The  results  show  that  the  high 
frequency  limit  is  basically  that  of  an  inductor.  Each  extra  peak  w'ith  increasing  frequency 
corresponds  to  fitting  one  more  wavelength  into  the  combined  length  of  regions  2  and  3. 

Calculating  Z13 

The  impedance  Z13  represents  the  impedance  of  the  DELTT  between  the  top  and  the 
bottom  control  gates  where  an  antenna  can  be  connected.  This  impedance  can  be  calculated 
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Figure  9:  (a)  Simulation  results  of  Zsd  for  the  G1717  sample,  (b)  Simulation  (solid  line) 
and  predicted  (dashed  line)  results  of  Zi^  for  the  G1717  sample  at  different  values  of  db- 


by  applying  a  voltage  source  at  point  1,  grounding  points  3,  S,  and  D  in  Figure  8,  solving 
the  equations  of  the  voltages  and  currents  in  the  three  regions  for  the  unknown  coefficients, 
and  then  dividing  the  voltage  by  the  current  at  point  1.  Simulation  results  for  the  G1717 
sample  are  shown  in  Fig.  9(b)  for  different  values  of  db.  The  input  impedance  Z^  has  a  very 
small  real  part  (negligible  and  not  shown  in  the  figure),  and  a  negative  imaginary  part  that 
resembles  the  reactance  of  a  capacitor.  We  propose  that  Z13  is  simply  the  series  combination 
of  Yt,  Y,  and  Yb,  and  therefore  Z13  is  given  by: 


Z]_z  = 


1 

Leg 


fl  1  1  \ 

(f  K  yJ 


(7) 


where  Y  =  G-\-jujC,  Yt  =  jwCf,  Yb  =  jujCb,  and  Leg  is  the  length  of  the  control  gate(s).  We 
calculated  Z13  using  equation  7  and  the  results  are  shown  in  Fig.  9(b)  for  different  values 
of  db.  The  simulation  results  and  the  theoretical  results  shown  in  Fig.  9(b)  agree  very  well, 
which  suggests  that  equation  7  is  accurate  enough  to  predict  2^13  of  the  DELTT  structure. 


CONCLUSIONS 

The  potential  of  THz  detection  based  on  the  idea  of  photon-assisted  tunneling  in  double 
quantum  well  devices  was  introduced.  The  basic  principle  of  operation  of  the  detector  was 
discussed,  and  the  detector  fabrication  using  state-of-the-art  techniques  were  also  presented 
in  this  paper.  The  necessity  of  integrating  a  broadband  antenna  with  the  device  was  also 
established.  Simulation  results  show  that  it  is  possible  to  achieve  broadband  antenna  using 
self  complementary  design.  This  paper  also  presented  for  the  first  time  a  general  equivalent 
circuit  model  for  the  DELTT  device.  Measurements  at  very  high  frequencies  can  be  very 
difficult  to  obtain  since  it  is  extremely  difficult  to  obtain  accurate  measurements  of  impedance 
at  such  high  frequencies.  However,  the  presented  circuit  model,  based  on  the  most  important 
physical  interactions  that  affect  the  device  operation,  can  be  utilized  at  THz  frequencies, 
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assuming  that  the  device  parameters  (like  density  and  mobility)  at  these  high  frequencies 
can  be  determined  accurately.  Moreover,  the  simulations  results  of  sample  devices  revealed 
that  it  is  extremely  difficult  to  match  the  DELTT  impedance  to  the  broadband  band  bowtie 
antenna  impedance. 
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ABSTRACT 

We  report  on  a  room  temperature  detector  which  allows  to  determine  and  monitor  the  state  of 
polarization  of  terahertz  radiation  with  picosecond  temporal  resolution.  The  detector  is  biised  on  the 
circular  photogalvanic  effect  recently  observed  in  GaAs/AlGaAs  quantum  wells.  The  circular 
photogalvanic  effect  yields  in  response  to  elliptically  polarized  radiation  a  cuiTcnt  signal  proportional 
to  the  degree  of  circular  polarization.  The  peak  current  signal  occurs  in  unbiased  samples  for  circular 
polarization,  vanishes  at  liiKiar  polarization  and  changes  sign  by  switching  the  helicity  from 
right-handed  to  left-handed.  The  detector  consists  of  a  (113)  A  MBE  grown  p-GaAs/ AlGaAs 
multiple  quantum  well  structure.  The  response  has  been  measured  in  the  wavelength  range  between 
76  fim  and  280  pm  at  normal  incidence  of  the  radiation  on  the  sample. 


INTRODUCTION 

Room  temperature  detection  of  short  THz  laser  pulses  is  possible  using  pyroelectricity  [1],  bulk 
semiconductor  devices  like  photon  drag  detectors  [2-5],  Schottky-diodes  [5],  and  intraband 
photoconductivity  [6].  Recently  low  dimensional  semiconductor  structures  and  superlatticcs  have 
been  demonstrated  to  be  very  efficient  for  detection  THz  radiation  with  high  temporal  resolution.  In 
particular  photovoltaic  [7],  photon-drag  [8],  and  hot  electrons  [9]  effects  in  quantum  well  (QW) 
structures  as  well  as  THz  radiation  driving  superlatticcs  [10]  arc  promising  means  of  lai'ge  bandwidth 
detection.  Here  we  report  on  a  new  approach  to  THz  detection  applying  the  circular  photogalvanic 
effect  which  has  recently  been  observed  in  GaAs  based  quantum  wells  (QW)  [11,12].  Circularly 
polarized  radiation  generates  a  current  in  the  unbiased  sample.  Because  the  photogalvanic  effect 
does  not  involve  any  charge  separation,  space  charge  regions  or  gradient-induced  drift  currents, 
photogalvanic  detectors  have  the  advantages  of  fast  transient  signal  response  at  low  impedance.  The 
only  physical  speed  limitations  result  from  momentum  relaxation  times,  which  are  in  order  of 
picoseconds  at  room  temperature.  The  striking  feature  of  this  photogalvanic  effect  is  that  the 
current  flows  perpendicular  to  the  radiation  propagation  and  that  the  sign  of  the  current  reverses  by 
changing  the  helicity  of  tlu;  radiation  from  right-handed  to  left-handed.  Therefoni  the  eircailar 
photogalvanic  effect  does  not  only  trace  the  time  dependence  of  a  radiations  pulse  but  it  gives  also 
the  state  of  polarization  of  the  electromagnetic  field  in  a  very  direct  way. 


PHYSICAL  BACKGROUND 

The  photogalvanic  effects  arise  in  homogeneous  samples  of  noneentrosymmetric  media  [13] 
under  homogeneous  excitation  due  to  an  asymmetry  of  the  interaction  of  free  carriers  with  photons, 
phonons,  static  defects  or  other  carriers.  In  the  THz-range  the  circular  photogalvanic  effect  occurs  at 
mtemubband  or  mtrasubband  transitions  in  quantum-well  structures.  Phenomenologically,  the  effect 
is  a  transfer  of  the  angular  niomeiittim  of  c;ircularly  j)olarized  photons  into  a  dirtKited  motion  of  frex^ 
carriers,  electrons  or  holes.  Therefore  the  effect  depends  on  the  symmetry  of  the  medium. 
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(1) 


Tho  phofogalvatiir  ciirrrat  uikIct  study  can  hr.  d(>scril)('fl  by  the  following  plif'noui(aiologi(-al 
expression  [11]: 

jx  =  XX^.AE„E:,  4-  E,E;,)/2  +  i  {E  X  E*),,  , 
where  E  is  tlu'  (■oini>lex  aniplitiuh'  of  th('  el('f:trie  field  of  the  ('leetroniagiu'tk-  wav('  and 
iiExE*)  =  eP„rr£’o  the  degree  of  cirruhir  polarization  Prirr  =  {\E  ^  -  \E..\‘^)/{\E^f  + 

where  and  E_  ar{‘  the  amplitude's  of  left  aiul  right  hanch'd  eireularly  polarizi'd  radiation, 
respectively.  Eq  =  ]E|  is  the  electrir  field  amplitude  and  e  is  the  unit  vector  pointing  in  the  direction 
of  the  light  propagation.  The  photocurrent  given  by  the  tensor  x  de.scribes  the  so-called  linear 
photogalvanic  effect  (LPGE)  Ix'cause  it  is  usually  ob.s<'rv('d  tmdc'r  linearly  i)olariz('d  optical 
excitation.  The  circular  photogalvanic  effect  (CPGE)  yielding  the  helicity  dependent  current  is 
dcscrilxHl  by  the  pseudo  -tensor  7  and  can  b('  ob.served  only  under  circularly  polarizc'd  excitation. 

A  symmetry  anal>si.s  shows  that  in  order  to  obtain  a  helicity  dependent  photoresponse  at 
normal  incidena^  which  is  convenient  for  detection,  tlu'  .symmetry  of  th('  struct utx'  must  b(^  r('duc(xl 
to  the  point  group  C.,.  This  group  contains  only  two  elements:  the  identity  transformation  and  one 
mirror  reflection.  This  can  ea.siely  be  obtained  in  zinc-blend('  bast'd  QW  struc-turcs  by  choosing  a 
suitable  crystallographic  orientation.  This  condition  is  met.  for  instance,  in  (113)  grown  structures. 
In  this  cast'  the  helicity  dependent  current  flows  in  th<'  direction  x  ||  [HO]  Ix'ing  normal  to  the  mirror 
plane  which  contains  the  [110]  axis.  For  the  light  initially  polarized  along  :r  and  transmitted  through 
the  A/4  plate,  as  in  experiments  described  below,  wc  have 

Js  ‘-os  0  E,] P,.irc,  (2) 

where  tp  and  t.,  are  transmi.ssion  coefficients  after  Fresnel’s  formula  for  linear  j>-  and  ,s-polarizations. 
e  is  the  angle  of  refraction  defined  by  sinO  -  sin  Oo/u,  Bo  is  the  angh'  of  incid(>nc('  and  n  is  tin- 
index  of  refraction. 

Micro, scopically,  the  CPGE  in  MQWs  is  due  to  optical  sjiin  orientation  of  charge  carriers  and 
asymmetric  spin-dependent  scattering  of  spin-polarized  carriers  followed  by  an  apj^earance  of  an 
electric  current  [12].  The  two  states  of  light  circular  polarization  result  in  different  sjun  orientations 
and,  thus,  in  electric  photocurn'iits  of  oi>{)osit('  dirt'tUious.  'I’he  princijial  aspect  of  a  pluiton  lu'licity 
driven  current  is  the  removal  of  spin-dcgencraey  in  the  subband  states  duo  to  the  reduced  symmetry 
of  the  (luaiitum  well  structure  [12,  14j.  It  is  relatc'd  to  the  appearance  of  k-limvir  t<‘rms  in  th(> 
Hamiltonian, 

(3) 

wlu're  llu'  real  coeffieicuits  form  a  ji.sc'udo-tensor  subject ('fl  to  the  same  symiiifUry  restrictions  as 
the  ]}seudo  tensor  7  ;  a/  are  Pauli  spin  matrices.  Sjiin  degeneracy  results  from  the  simultaneons 
presence  of  tinu-reversal  and  spatial  inve-rsion  s.ymuK'try.  If  om*  of  thvsr  symmetries  is  broken  tlu' 
spin  degeneracy  is  lifted.  In  (113)  grown  GnAs  (JW  systems  considered  here  the  spatial  inversion 
symmetry  is  broken  (the  iroint  gi'onp  C.,  docs  not  contain  tlu'  invc'isioti  opj'ration)  and.  as  a 
con.s('quence,  si>in-dcpcndcnt  and  k-lincar  terms  appearing  in  tlu^  ('Icctron  Hamiltonian  lead  to  a 
splitting  of  the  electronic  subbands  at  a  finite  in-plane  wave  vector.  As  discussed  in  [14]  the  coupling 
Ix'tweeu  the  sjun  of  the  carric'is  (rr/)  and  the  carric'r  momentum  {k,„)  t.f)g('ther  with  spin-controll('<l 
dipole  selection  rules  yields  a  net  current  under  circularly  polarized  excitation.  Depending  on  tho 
band  struetur('  of  quantum  wells  ainl  the  photem  (-nergy  this  spin  pliotocnrrc'ut  can  be  eitln-r  due  to 
direct  or  indirect  intersiibband  transitions. 


EXPERIMENTAL 

The  concept  of  the  GPGf>d('tcctor  was  rcalizc'd  using  ciiiantnm  well  structures  grown  by 
molecular  beam  epitaxy  on  semi-insulating  (113)  oriented  GaAs  snl)strates.  Tin'  sam])les  were 
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Figure  1.  Photoresponse  ofp-type  (113)A-  gi'own  GaAs/AlGaAs  QWs  structure  normalized  by  the 
light  power  P  as  a  function  of  the  phase  angle  (/?  definding  helicity.  Measurements  are  presented  for 
T  =  300  K  and  normal  incidence  of  radiation  at  A  =  76  /iin.  The  current  jx  oc  Ux  flows  along  [110]- 
direction  perpendicular  to  the  mirror  plane  of  the  Cg  symmetry.  Full  lines  are  fitted  to  Eq.  (1)  using 
one  y-Bxis  scaling  parameter.  The  inset  shows  the  geometry  of  the  experiment. 


p-GaAs/AlGaAs  multiple  QWs  containing  20  wells  of  15  nm  width.  Samples  with  free  hole  densities 
of  2  ■  10^^  cm“^  were  studied  at  room  temperature.  A  pair  of  ohmic  contacts  was  centered  on 
opposite  sample  edges  along  the  [110]  txxis  (sec  inset  in  Figs.  1). 

A  high  power  pulsed  THz  NHs-laser  [15]  has  been  used  as  radiation  source  delivering  100  ns 
pulses  with  radiation  power  P  uj)  to  100  kW.  Several  lines  of  the  NHa-laser  between  A  =  76  /xm  and 
280  f-im  have  been  applied  for  excitation  in  the  THz  range.  Depending  on  the  frequency  the  THz 
radiation  induces  direct  optical  transitions  between  heavy  hole  and  light  hole  subbands  and  indirect 
optical  transitions  in  the  lowest  heavy  hole  subband.  The  laser  light  polarization  was  modified  from 
linear  to  circular  using  quartz  A/4  plates.  The  helicity  of  the  incident  light  was  varied  according  to 
Pcirc  =  sin  2(p  where  </?  is  the  angle  between  the  initial  plane  of  linear  polarization  and  the  optical 
axis  of  the  A/4  plate. 

With  irradiation  of  (113)-oriented  samples  of  Cg  symmetry  a  current  signal  proportional  to  the 
helicity  Pdre  is  observed  under  normal  incidence.  We  note  that  the  samples  were  unbiased,  thus  the 
irradiated  samples  represent  a  current  source.  A  voltage  signal  is  obtained  by  applying  a  50  D  load 
resistor  in  a  closed  circuit.  The  response  follows  the  temporal  structure  of  the  laser  pulse  intensit}'^ 
and  changes  sign  if  the  circular  polar  ization  is  switched  from  left-handed  to  right-handed  (Fig.  1). 
The  direction  of  the  current  is  determined  by  the  symmetry  of  the  crystal.  The  helicity  dependent 
current  flows  always  along  the  [110]-  direction  perpendicular  to  the  plane  of  mirror  reflection  of  the 
point  group  C.,,  independent  of  the  plane  of  incidence  of  the  laser  beam.  In  Fig.  2  we  take  a  closer 
look  on  the  dependence  of  the  photoresponse  on  the  angle  of  incidence  0o  of  the  circularly  polarized 
laser  beam.  Comparison  of  Eqs.  (1)  and  (2)  and  Figs.  1,  2  shows  a  good  agreement  between  the 
theory  and  the  experimental  data. 

In  the  wavelength  range  from  76p.ni  to  280  pm  the  voltage  response  of  the  CPGE  detector 
depends  linearly  on  the  power  up  to  highest  intensities  applied  (2MW/cm^).  The  sensitivity  in  the 
range  of  0.2  pV/W  at  50  D  is  low  but  enough  to  detect  short  THz  pulses  of  sources  like  optically 
pumped  molecular  lasers  and  free- electron-lasers.  It  can  be  improved  by  using  a  larger  number  of 
quantum  wells.  Note  that  even  in  a  large  number  of  QWs  the  extinction  of  radiation  is  very  low, 
hence  the  device  can  be  used  to  monitor  the  state  of  circular  polarization  of  a  beam  being 
transmitted  through  the  sample. 
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Figure  2.  Photorespon.se  of  20  p-type  (113) A-  grown  GaAs/AlGaAs  C^Ws  normalized  by  the  light 
powc'r  P  as  a  function  of  the  angle  of  incidence  Bq  for  right  circularly  polarize<l  radiation  in(!a.surefl 
perpendiculax  to  light  propagation  {'I'  =  300  K,  A  =  70  //in).  Full  line  is  fitted  to  Eq.  (2)  using  one 
p-axis  scaling  paiaiTK^ti'r. 


CONCLUSIONS 

In  conlusion  we  would  like  to  point  out  that  the  detection  scheme  has  the  unique  feature  of 
being  sensitive  to  the  helicity  of  radiation.  Combining  CPGE  det/'ction  with  LPGE  oiu',  whicli  is 
sensitive  to  the  state  of  linear  polarization  [IG],  the  ellipticity  and  the  orientation  of  the  ellipse  of 
elliptically  polarized  radiation  can  be  obtained.  Finally  we  note  that  the  CPGE  may  also  occur  at 
valence-to-conduction  band  transitions  [14]  as  well  at  dir/ict  intersubband  transitions  e.g.  in  th(^  ca.s( 
of  asymmetrical  (113)  grown  />type  Si/SiGe  structures  [17].  Thus  the  applicability  of  the  CPGE 
d(^t(X‘tion  scluane  may  well  be  extmuh'd  the  n<‘ar  infrarc'd  and  mid  infranxl  spinet  ral  ranges. 
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ABSTRACT 

This  work  is  to  present  results  of  flash  evaporation  of  PbTe  directly  over  single  crystals 
p-type  Si  substrates,  in  order  to  produce  heterojunction  infrared  detectors  (HIRD),  working  at 
4.3)im  IR  wavelength.  The  evaporation  was  performed  on  modified  JEOL  vacuum  equipment, 
model  JEE4B(a),  working  with  vacuum  pressure  around  10'**  torr,  using  diffusion  pump.  The 
HIRDs  produced  with  this  method  presented  the  same  detectivity  (D*)  values  of  HIRDs  made 
with  Hot  Wall  Epitaxial  System  (HWE)(b),  in  which  PbTe  epitaxial  layers  were  grown  directly 
over  the  same  Si  substrates,  where  an  ionic  pump  reached  about  10'^  torr  as  vacuum  pressure. 

The  best  results,  were  obtained  with  PbTe  layers  grown  with  Molecular  Beam  Epitaxial  (MBE) 
method(c)  directly  over  Si  substrates,  where  the  vacuum  pressure  is  around  10'^  torr,  also  using 
an  ionic  pump.  The  advantage  of  growing  PbTe  directly  over  Si  wafers  is  that  the  HIRDs 
perform  at  room  temperature.  The  detectivity  values  of  HIRDs  obtained  with  methods  (a)  and 
(b),  were  D*~4,8  x  10^  cm.Hz''^  W'  and  with  method  (c),  D*  ~  6,7  x  10^  cm.Hz''*^  W'. 

Different  technologies:  (a)  very  low  costs,  (c)  high  technology;  not  very  different  results. 

INTRODUCTION 

Single  crystal  semiconductor  thin  layers  can  be  processed  through  several  growth 
techniques.  However,  when  it  is  grown  for  devices  application,  epitaxial  techniques  are  the  most 
used.  Among  the  epitaxial  growth  methods:  Hot  Wall  Epitaxy  (HWE)  [1,2],  Molecular  Beam 
Epitaxy  (MBE)  [3]  and  Flash  Evaporation  (FE)  [4,5],  are  some  of  them. 

Flash  evaporation  used  in  this  work  consisted  of  a  modified  vacuum  equipment  with  three 
basic  steps:  a)  solid  phase  source  transition  to  gas  phase,  using  the  heat  of  a  resistor,  which 
contains  the  material  to  be  evaporated;  b)  vapor  transportation  to  the  substrate  surface,  c)  vapor 
condensation  on  the  substrate  surface.  The  modification  performed  in  the  evaporator  was  to 
provide  a  sample  heater  system,  which  enable  us  to  heat,  and  control  the  Si  substrates 
temperature  till  about  230  °C. 

Besides  PbTe,  cadmium  telluride  (CdTe)  flash  evaporated  layers  are  also  attractive 
materials  for  fabrication  of  semiconductor  devices,  such  as  solar  cells,  y  and  IR  detectors  and 
field  effect  transistors  [5,6].  Rusu  and  Rusu  [6]  studied  the  electrical  conductivity  of  CdTe  thin 
films  evaporated  onto  unheated  glass  substrates,  and  obtained  <1 1 1>  and  amorphous  structures. 
Domadara  Das  and  Selvaraj  [7]  studied  the  time  dependent  electrical  resistance  of 
Bi2(Teo.4Se<).6)3  flash  evaporated  thin  films,  related  with  the  effects  of  oxygen  adsorption.  These 
thin  films  find  many  applications  such  as  in  small  thermoelectric  power  generators, 
thermoelectric  refrigerators,  thermopile  detectors,  etc.  Boustani  et  al.  [8]  studied  the  influence  of 
the  substrate  temperature  during  CuInTe2  flash  evaporation  thin  films,  on  its  properties.  These 
films  have  been  extensively  studied  because  of  the  potential  applications  in  multijunction  thin- 
film  solar  cells  [9]. 
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In  this  paper  metal  rich  alloy  (Pbo.s()2Te<).49H)  with  6N  pure  materials  (99,9999%  purity), 
melted  in  tungsten  boat,  was  flash  evaporated  over  <100>  and  <1 1 1>  crystal  orientated, 
1-lOQ.cm  resistivity  Si  substrate  surfaces,  chemically  cleaned  and  heated  at  200  and  230  ®C, 
before  and  during  the  evaporation.  The  thin  layers  resulted  of  this  procedure  were  characterized. 
X-ray  diffraction  spectrum  of  these  thin  films  showed  that  some  arc  single  crystals,  some  are 
poli,  and  some  are  poli  with  strong  tendency  to  single  crystal  on  <100>  orientation.  Scanning 
Electronic  Microscopy  (SEM)  of  them  showed  some  surface  defects,  like  cracks,  and,  in  some 
cases,  they  are  not  very  flat.  The  experimental  procedures  of  this  work  have  been  made  in  order 
to  reach  these  improvements, 

EXPERIMENTAL  PROCEDURE 

The  Si  wafers  cleaning  procedure  which  showed  better  results  in  layer  adherence  and 
crystal  quality,  was  based  in  a  chemical  treatment  f  10-12]  that  first  degreased  the  surface 
substrate  with  boiled  trichloroethilene  and  methanol,  then  ammonia  hydroxide,  hydrogen 
peroxide  and  deionized  water  .solution  (1  NH4OH  :  1  H2O2 :  4  H2O).  The  oxide  layer  was 
removed  with  HF  :  NH4F  (BOE  -  Buffered  Oxide  Etchant)  or  diluted  fluoridric  acid  (1  HF  : 
IOH2O).  Afterwards,  the  substrate  surface  was  passivated  with  boiled  cloridric  acid,  hydrogen 
peroxide  and  deionized  water  (3  HCl :  1  H2O2 :  1  HiO  or  1  HCI :  1  H2O2 :  4  H2O),  Finally 
deoxidized  by  HF  :  NH4F  (BOE  -  Buffered  Oxide  Etchant)  or  diluted  fluoridric  acid  ( 1  HF  : 
IOH2O),  once  more,  and  put  in  the  evaporator  chamber.  Inside  the  evaporator  chamber.  Si 
substrates  distant  about  3  cm  from  the  PbTe  source,  were  pre-hcated  (200  -  230  °C),  during 
different  periods  of  lime  (2  -  4.5  h),  then  evaporation  look  place,  with  the  same  pre-healing 
substrate  temperature. 

After  evaporation,  thickness  was  measured  with  an  Alfa  Step  500  Surface  Profiler.  X-ray 
diffraction  spectrum  of  the  samples  was  taken,  with  a  High  Re.solution  X-Ray  Diffraction 
Spectrometer  Philips  X’Pert  (PW3710),  equipped  with  Copper  anodic  tube.  Nickel  filter,  40kV 
as  voltage  value,  and  20  mA  as  current,  20  =  0.02°  step,  each  step  taking  1  sec.  Powder 
Diffraction  Files  had  identified  the  diffraction  lines,  from  International  Center  for  Diffraction 
Data  (ICDD).  The  SEM  used  to  analyze  the  thin  films  surhtces  under  low  vacuum  pressure 
(10'^  torr)  was  a  LEO  435  Vpi  type;  no  coating  was  used  over  the  samples.  The  PbTc/p-Si  hetero 
.structure  was  electrically  analyzed  by  making  electrical  contacts  between  PbTe  layers  and  Si 
substrate,  in  order  to  make  the  current  (I)  versus  voltage  (V)  measurements,  and  obtain  the 
junction  characterization.  I  x  V  plot.  The  junctions  that  presented  better  electrical 
characterization  had  their  detectivity  signal  measured  by  irradiating  infrared  beams  at  the  back  of 
the  Si  substrate.  This  IR  radiation  coming  from  a  black  body  at  700K  (X,„ax  =  4.3  |im),  908  Hz  as 
modulator  frequency  (Lock-in)  PAR  124A,  and  pre-amplification  bandwidth  frequency 
Af=14Hz. 

RESULTS  AND  DISCUSSION 

Table  I  shows  that  the  cleaning  treatment  with  (3  HCI :  1  H2O2  :  1  H2O)  presents  better 
detectivity  results  than  the  cleaning  treatment  with  (1  HCI :  1  H2O2  :  4  H2O),  when  (1  HF  : 
IOH2O)  solution  is  used  to  perfomi  the  deoxidization.  The  opposite  happens  when  BOE  is  used 
as  deoxidizer,  samples  F21 ,  F24  and  F25.  On  the  other  hand,  sample  FI 9,  deoxidized  with  HF, 
demonstrates  that  these  two  cleaning  treatment  did  not  make  difference.  Sample  F23  showed  that 
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BOE  deoxidization  decrease  detectivity  values.  The  first  solution  is  more  concentrated, 
consequently  produces  a  thicker  passivation  layer  than  the  second,  consequently  HF  solution  is 
probably  stronger  than  BOE  solution. 

Table  I  -  Influence  of  crystallographic  orientation  <  >,  cleaning  and 
thermal  treatment  of  Si,  on  the  detectivity  values. 


Samples 

<  > 

Cleaning 

Treatment 

Tp 

(°C) 

'^P 

(hours) 

D*xl0-^ 

(cm.Hz^^lw‘) 

FI  2a 

100 

3HC1  and  HF 

200 

3 

4,8 

F05b 

100 

3HC1  and  HF 

200 

3,8 

4,7 

F05c 

111 

3HCI  andHF 

200 

3,8 

0,4 

F04a 

100 

3HC1  and  HF 

200 

3,5 

2,2 

F07b 

100 

IHCl  and  HF 

200 

3,5 

0,5 

F07c 

111 

3HC1  and  HF 

200 

3,5 

0,4 

F02b 

100 

3HC1  and  HF 

200 

3,5 

1,5 

F06b 

100 

IHCland  HF 

200 

3,6 

0,8 

FI  3a 

100 

IHCl  and  HF 

200 

3 

0,5 

F20b 

100 

IHCl  and  BOE 

230 

2 

0,7 

F20a 

111 

IHCl  and  BOE 

230 

2 

0,2 

F21a 

111 

IHCl  and  BOE 

230 

2 

0,7 

F21b 

100 

IHCl  and  BOE 

230 

2 

0,7 

F25a  ^ 

111 

IHCl  and  BOE 

200 

2 

0,4 

F25c 

100 

IHCl  and  BOE 

200 

2 

0,4 

F24a 

100 

3HC1  and  BOE 

200 

2 

0,3 

F24c 

111 

3HC1  and  BOE 

200 

2 

0,3 

F19b 

100 

IHCl  and  HF 

230 

2 

0,5 

F19c 

111 

3HC1  and  HF 

230 

2 

0,5 

F23c 

100 

IHCl  and  HF 

230 

2 

0,4 

F23b 

111 

IHCl  and  BOE 

230 

2 

0,3 

Tp  =  pre-heating  and  evaporation  substrate  temperature,  Tp  =  pre-heating  time 
D*  =  specific  detectivity. 

The  detectivity  values  also  decreased  when  the  crystal  orientation  changed  from  <100>  to 
<1 1 1>,  independently  of  cleaning  treatment,  compare  samples  F05b  and  c,  or  F07b  and  c.  This 
behavior  was  not  observed  when  epitaxial  layers  were  grown  using  HWE  technique  [13,14].  An 
explanation  may  be  the  substrate  temperature  during  the  evaporation.  In  the  case  of  HWE  [14], 
the  substrate  temperature  is  300  °C,  and  no  difference  on  the  detectivity  values  was  noticed, 
related  with  crystal  orientation.  However,  samples  F21,  F24  and  F25,  where  the  solution  used  to 
perform  the  deoxidization  was  BOE,  presented  same  detectivity  values,  independently  of  Si 
crystal  orientation.  The  only  exception  is  sample  F20. 
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Results  with  Scanning  Electronic  Microscopy  and  X-ray  Diffraction  Spectrometry 

Flash  evaporated  surface  layers  showed  different  aspects,  being  mirror  like  most  of  the 
time.  The  following  SEM  micrographs  showed  some  surface  defect,  as  Figure  1  cracks,  caused 
probably  due  the  very  different  crystal  lattice  parameters  (Si  =  5,431  and  PbTe  =  6,459,  at  3(X)K) 
and  linear  coefficient  of  thermal  expansion  (Si  =  2,6  and  PbTe  =19,8,  at  3(X)K(10^'k  ')), 
between  substrate  and  evaporated  layer.  The  same  defects  have  been  noticed  when  the  PbTe 
layer  was  grown  with  HWE  [14]  and  MBE  [15]  techniques. 


Figure  1  -  SEM  micrograph  of  .sample  F()2b,  with  a  0.45  pm  epilayer. 

Epitaxial  layers  thinner  than  0.9  pm  probably  follow  the  Fran- Van  dcr  Merwc  epitaxial 
growth  mechanism  [16],  de.scribed  by  a  layer-by-layer  growth.  On  the  other  hand,  for  thicker 
epilayers,  the  growth  mechanism  is  probably  dictated  by  Stranski-Krastanov  [16],  which  is 
described  by  layers  plus  island.  Meaning,  after  forming  the  first  monolayer,  or  a  few  of  them,  the 
following  one  growth  is  unfavorable,  and  islands  are  formed.  This  second  mechanism  can  be’ 
noticed  in  Figure  2,  where  the  layer  thickness  is  about  4pm. 


■A'  ^ 


1. 


Figure  2  -  SEM  micrograph  of  sample  F05c,  with  a  4  pm  epilayer. 

The  thin  films  with  single  cry.stal  characteristics,  revealed  X-ray  diffraction  spectrum  as 
showed  in  Figure  3,  which  represents  a  layer  evaporated  over  a  <1 1 1>  substrate  (sample  F05c), 


178 


where  the  Full  Width  at  Half  Maximum  (FWHM)  of  peak  (200)  is  731  sec  of  degree.  However, 
samples  that  have  <100>  crystal  oriented  substrates,  present  similar  spectrum. 


cps  =  counting  per  second. 

Figure  3  -  X-ray  diffraction  spectrum  of  sample  F05c. 


CONCLUSIONS 

Concluding,  the  pre-heating  temperature  apparently  influenced  only  the  flash  evaporation 
over  <1 1 1>  Si  substrate,  since  in  these  cases  thermal  treatments  at  200°C,  resulted  in  cracks  and 
surface  defects,  even  in  thin  layers  (0.2-0.4  pm).  On  the  other  hand,  due  to  thermal  treatments  at 
230  °C,  epilayers  did  not  present  any  surface  defect.  In  both  cases,  the  thin  film  resulted  <100> 
crystal  oriented,  despite  the  Si  wafer  is  <1  !!>. 

The  reason  of  flash  evaporating  PbTe  over  <1 1 1>  Si  wafers  was  that  first  it  was  very 
studied  to  growth  PbTe  over  <1 1 1>  BaF2  [1-3].  According  with  the  epitaxy  definition  it  is 
epitaxial  film  only  in  case  of  the  same  orientation,  substrate  and  layer.  In  the  experiment  you  can 
get  any  orientation  depending  on  the  concrete  conditions.  PbTe  thin  layers  growth  with  HWE 
techniques  over  <1 1 1>  Si  substrate,  are  <100>  crystal  orientated  either  [17]. 

Chemical  oxidization,  or  passivation  made  to  protect  the  substrate  surface  is  a  very 
important  step,  and  also,  its  complete  elimination  before  the  flash  evaporation.  HF  solution 
demonstrated  to  be  better  than  BOE  to  remove  thicker  passivation  layers. 

Apparently  all  the  improvements  tried  on  this  work  resulted  no  good  at  all,  the  former 
devices  were  better  than  the  last  ones.  On  the  other  hand,  it  was  discovered  the  influence  of 
having  a  thicker  passivation  instead  a  thinner  one  when  HF  or  BOE  solution  are  used  to 
deoxidize  the  Si  surface.  The  substrate  temperature  is  very  important  on  the  device  performance. 
However,  most  of  these  results  are  very  similar  as  the  ones  obtained  with  HWE  and  MBE 
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techniques.  Consequently  this  work  was  able  to  show  that  a  very  simple  technique  can  obtain  the 
same  results  as  others  much  more  sophisticated. 
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ABSTRACT 

We  describe  briefly  a  cheap  and  non  polluting  technique  to  grow  epitaxial  GaAs  layers, 
several  hundred  microns  thick,  in  a  matter  of  hour.  Detectors  consisting  of  a  structure 
have  been  realised  with  these  layers  and  we  present  their  characteristics  obtained  fi'om  current- 
voltage,  capacitance- voltage  measurements  as  well  as  their  response  versus  the  energy  and  flux 
of  X-rays. 

INTRODUCTION 

In  the  1960s  it  has  been  suggested  that  GaAs  could  be  a  good  alternative  material  for  high 
energy  photon  detection  [1].  Since  then,  various  experiments  have  demonstrated  that  GaAs 
detectors  exhibit  indeed  high  performances  in  terms  of  charge  collection  efficiency  and  energy 
resolution  [2-7],  These  detectors  were  the  first  to  demonstrate  high  resolution  at  room 
temperature  (for  a  review  see  ref.8).  However,  no  GaAs  detector  has  appeared  on  the  market 
although  the  development  of  a  microelectronic  technology  for  this  material  could  have  allowed 
an  easy  realization  of  many  kinds  of  stmetures,  ohmic  contacts,  barriers,  junctions  and 
electronics  integration.  The  reason  is  the  following:  large  thicknesses  are  required  to  detect 
efficiently  X  and  y  photons,  thicknesses  which  are  only  available  fi-om  bulk  grown  materials. 
Unfortunately,  bulk  GaAs  materials  contain  a  large  concentration  of  defects  which,  in  addition, 
are  not  uniformly  distributed  (for  a  review  see  ref.9).  For  these  reasons  it  has  been  accepted  that 
these  materials  are  not  suitable  in  practice  to  develop  detectors,  in  particular  imaging  detectors. 

Only  good  quality  materials,  i.e.  obtained  by  epitaxy,  qualify  for  detection.  All  conventional 
epitaxial  growth  techniques  seem  to  satisfy  this  requirement:  the  data  claimed  in  ref.3  to  be  due 
to  the  very  high  purity  associated  with  a  specific  epitaxial  growth,  are  in  fact  similar  to  those 
reported  28  years  earlier  [4-7],  which  were  obtained  with  other  types  of  epitaxial  growth 
techniques.  But  epitaxial  layers  of  large  enough  thickness  do  not  exist:  the  data  reported  in 
references  2  to  7  have  been  acquired  on  unique  layers.  Indeed,  epitaxial  growth  techniques  are 
slow:  they  allow  to  obtain  a  few  microns  thick  layer  in  a  matter  of  hour.  Hence,  to  grow  several 
hundred  mierons  thick  layers,  the  ones  which  would  allow  efficient  absorption  for  X-ray,  days  of 
eontinuous  growth  are  necessary,  which  is  industrially  impracticable. 
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However  the  situation  could  be  different  now  that  we  have  demonstrated  that  100  to  600  |im 
thick  epitaxial  layers  can  be  obtained  in  few  hours  using  an  economic  and  non  polluting 
technique  [10,U].  Since  it  has  been  previously  demonstrated  that  high  performances  detectors 
can  be  obtained  with  epitaxial  layers,  we  examine  here  if  the  new  layers  we  produce,  in  large 
quantity,  at  the  desired  thickness,  and  having  electronic  properties  similar  to  that  of  the 
previously  used  layers  [12],  could  make  detectors  with  similar  performances. 

For  this  we  made  p/i/n  detectors  and  we  investigated  their  response  in  conditions  of  X-ray 
medical  examination.  Here,  we  focus  on  the  linearity  of  this  response  and  we  evaluate  the 
efficiency  of  collection. 


EXPERIMENTAL 

We  have  grown  non  intentionally  doped  200  to  300  |im  thick  layers  on  n\  Czochralski  (Cz) 
grown,  GaAs  substrates.  Briefly  the  teclmique,  which  is  fully  described  in  ref.  10,  consists  in  the 
decomposition  of  a  source  material,  here  GaAs  originating  from  a  semi- insulating  (S.f.),  Cz 
grown  wafer,  by  H2O  in  an  H2  atmosphere  at  a  temperature  of  the  order  of  800  °C.  The  volatile 
species,  As2  and  Ga20,  which  are  formed  are  transported  by  their  partial  pressure  gradients  to  a 
substrate  located  at  a  short  distance  (typically  from  1  to  2  mm)  from  the  source.  The  reverse 
reaction  takes  place  on  the  substrate  because  its  temperature  is  lower  tlian  that  of  the  source,  and 
epitaxial  growtli  occurs.  Because  the  rate  of  material  deposition  is  only  limited  by  the  rate  of  the 
chemical  reactions  taking  place,  the  growth  rate  can  be  adjusted  to  very  high  velocities  (up  to  10 
pm.min’’).  By  the  choice  of  the  temperature,  it  is  therefore  possible  to  grow  a  several  hundred 
pm  diick  epilayer  in  a  matter  of  hours.  Tlie  reactor  being  very  simple  and  requesting  only  a  small 
amount  of  pure  H2  (the  volume  of  the  reactor),  this  technique  is  cheap  and  non  polluting. 

As  described  elsewhere,  the  residual  doping  depends  on  die  purity  of  tlie  source  material  and 
on  the  ability  of  the  reaction  to  induce  impurity  transport  (as  described  in  ref.  13,  only  the 
impurities  producing  volatile  species  with  the  reactant,  here  H2O,  arc  transported).  When  using 
Cz,  S.I.  wafers  as  sources,  the  doping  level  achieved  is  in  the  range  lO'^  to  lO'^  cm'^  and  can  be 
n  or  p  type  depending  on  the  origin  of  the  source.  In  order  to  reduce  this  doping  (to  increase  the 
width  of  space  charge  region  for  a  given  bias  of  the  detector),  two  ways  are  attempted:  electron 
irradiation  which  introduces  defects  compensating  tlic  dopants  [14]  and  selection  of  tlie  source 
material  (which  should  contain  only  impurity  which  are  not  transported,  for  instance  Si  for  the  n 
type  impurity). 

We  have  performed  ion  implantation  to  make  a  p"^  layer  on  the  surface  of  a  170  jim  thickness 
layer  grown  on  an  n^  substrate  and  obtain  p''/i/n^  stmetures  in  which  tlie  i  region  is  the  grown 
layer.  After  deposition  of  olimic  contacts,  on  both  sides,  these  structures  were  characterized  by 
current-voltage  (I- V)  and  capacitance- voltage  (C-V)  measurements,  demonstrating  that  the 
current  is  of  the  order  of  3  nA.mm*"  for  a  reverse  bias  of  1 0  V  (see  figure  I )  and  tliat  the  residual 
doping  is  in  the  range  of  lO'  ^  to  lO''^  cm\  For  instance  figure  2  shows  that  tlie  doping  is  5x  1 0'  ^ 
cm*- ;  such  doping  level  corresponds  to  a  space  charge  region  of  1 8  |im  for  the  reverse  bias  of  10 
V. 
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Figure  1.  Current- Voltage  characteristics  obtained  with  a  27.5  mm^  detector. 


Figure  2.  Typical  Capacitance- Voltage  characteristics  obtained  with  a  27.5  mm^  detector. 

The  study  of  the  response  with  the  fluence  of  X-ray  has  been  performed  using  a  machine 
whose  energy  is  not  stabilized  so  that  the  flux  is  modulated  at  50  Hz.  The  current  I  delivered  can 
be  adjusted  from  5  to  25  mA.  The  detector  is  polarized  under  10  V  across  a  1  MQ  resistance. 
We  monitored  the  modulated  signal,  i.e.  the  current  flowing  through  this  resistance,  via  an 
oscilloscope. 
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RESULTS  AND  DISCUSSION 


The  dependence  of  the  signals  versus  the  current  I,  monitored  for  accelerating  voltages  of  50 
kV  and  30  kV,  at  a  distance  of  32  cm  from  the  X-ray  source,  with  a  detector  of  area  27.5  mm^  is 
given  in  figure  3.  The  dependence  demonstrates  the  linearity  of  the  detector  in  the  photon  flux 
explored,  up  to  at  least  1 .2x  1 0^  photons  mm'^s''  (The  number  of  photons  is  calculated  with  a 
program  based  on  a  code  described  in  ref  15). 


Figure  3.  Current  collected  by  the  detector  whose  characteristics  are  given  in  figures  1  and  2 
versus  the  current  of  the  X-ray  machine  for  accelerating  voltage  of  50  kV  (•)  and  30  kV  (O). 

Fig.  4  gives  the  signal  dependence  versus  the  applied  reverse  bias  for  two  different  value  of 
I.  As  the  bias,  i.e.  the  space  charge  region,  increases,  the  signal  increases.  For  the  lower  value  of 
1(10  mA)  S  follows  the  dependence  expected  if  cliarge  collection  take  place  in  space  charge 
region.  The  fit  with  the  calculated  values  is  obtained  assuming  a  charge  collection  efficiency  of 
28%.  The  calculation  takes  into  account  tlie  energy  distribution  of  the  photons  but  makes 
abstraction  of  the  photons  of  energy  lower  than  20  kV.  Other  data  are  obtained  for  1=20  mA  with 
a  similar  cliarge  collection  efficiency  (33%),  but  the  theoretical  dependence  is  not  well 
reproduced  at  high  biases.  This  is  probably  associated  with  signal  saturation  at  high  photon  flux. 
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Figure  4.  Current  collected  by  the  detector  versus  bias  for  currents  of  the  X-ray  machine  of  10 
mA  (•)  and  20  mA  (■).  The  same  data,  but  multipled  by  3.5  (O)  for  10  mA,  and  3  (□)  for  20 
mA,  are  shown  to  compare  with  the  calculated  currents  (solid  and  dashed  lines,  respectively) 
assuming  a  charge  collection  efficiency  of  1 . 


CONCLUSION 

The  data  we  have  presented  illustrate  that  epitaxial  GaAs,  known  to  be  a  good  candidate  to 
make  high  resolution  y  detectors  at  room  temperature,  could  also  be  used  to  make  high  efficiency 
for  detecting  X-ray.  TTie  epitaxial  layers  we  produce,  with  a  simple,  fast,  cheap  and  non  polluting 
technique,  qualify  for  this.  The  active  thickness  of  the  detectors  we  have  presented  are  limited 
by  the  level  of  residual  doping  and  efforts  are  now  made  toward  decreasing  this  level  (5x10^^ 
cm‘^  has  now  been  achieved). 
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Lead  telluride-based  far-infrared  photodetectors  - 
a  promising  alternative  to  doped  Si  and  Ge. 
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ABSTRACT 

Doping  of  the  lead  telluride  and  related  alloys  with  the  group  HI  impurities  results  in 
appearance  of  unique  physical  features  of  the  material,  such  as  persistent  photoresponse, 
enhanced  responsive  quantum  efficiency  (up  to  100  photoelectrons/incident  photon),  radiation 
hardness  and  many  others.  We  review  physical  principles  of  operation  of  the  photodetecting 
devices  based  on  the  group  Hi-doped  IV-VI  including  possibilities  of  fast  quenching  of  the 
persistent  photoresponse,  construction  of  a  focal-plane  array,  new  readout  technique,  and  others. 
Comparison  of  performance  of  the  state  of  the  art  Ge(Ga)  and  Si(Sb)  photodetectors  with  their 
lead  telluride-based  analogs  shows  that  the  responsivity  of  PbSnTe(In)  photodetectors  is  by 
several  orders  of  magnitude  higher.  High  photoresponse  is  detected  at  the  wavelength  116 
micrometers  in  PbSnTe(In),  and  it  is  possible  that  the  photoconductivity  spectrum  covers  all  the 
submillimeter  wavelength  range. 

INTRODUCTION 

Many  of  the  sensitive  photodetecting  systems  operating  in  the  far  infrared  wavelength  range 
(20-200)  |Lim  are  based  on  germanium  or  silicon  doped  with  shallow  impurities  [1],  The  highest 
cut  off  wavelength  reported  Xco  ~  220  ^im  corresponds  to  the  uniaxially  stressed  Ge(Ga)  [2],  The 
main  advantage  of  germanium  and  silicon  is  very  well  developed  growth  technology  that  allows 
receiving  materials  with  perfect  crystalline  quality  and  extremely  low  uncontrolled  impurity 
concentration. 

An  alternative  possibility  for  construction  of  sensitive  far-infrared  photodetectors  is 
provided  by  unique  features  of  a  narrow-gap  semiconductor  -  indium-doped  Pbi-xSnxTe.  Exciting 
results  of  fundamental  research  on  the  group  III  -  doped  lead  telluride  -  based  alloys  [3]  provided 
possibilities  for  construction  of  far-infrared  photodetectors  based  on  new  physical  principles  [4]. 
Results  of  these  activities  are  very  promising  since  performance  of  far-infrared  photodetectors 
based  on  doped  lead-tin  tellurides  is  comparable  or  better  than  for  analogs  based  on  doped  Ge  or 
Si. 

INDIUM-DOPED  LEAD-TIN  TELLURIDES:  THE  MAIN  PROPERTIES 
Fermi  level  pinning. 

Doping  of  the  lead  telluride  with  indium  in  amount  exceeding  concentration  of  other 
impurities  and  defects  results  in  the  Fermi  level  pinning  effect  [5].  A  consequence  of  this  effect 
is  homogenization  of  electrical  properties  of  the  semiconductor.  This  feature  results  in  almost 
absolute  reproducability  of  sample  parameters  independently  on  the  growth  technology.  High 
sample  homogeneity  gives  rise  to  enhanced  carrier  mobility  reaching  10^-10^  cm^/W-s  at  low 
temperatures. 
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Figure  1.  Energy  diagram  of  the  Pb,.,SnxTe(In)  alloys  for  different  x.  Ec  -  conduction  band 
bottom,  Ev  -  valence  band  [6]. 

Position  of  the  pinned  Fermi  level  Eo  may  be  tuned  by  alloying  (Figure  1)  [6].  It  crosses  the 
gap  in  the  tin  content  range  (0.22  <  x  <  0.28)  providing  the  semiinsulating  state  of  the 
semiconductor  for  this  range  of  alloy  compositions.  Conductivity  of  material  in  the 
semiinsulating  state  (0.22  <  x  <  0.28)  is  defined  by  activation  from  the  impurity  local  level  E<>, 
and  therefore  the  free  carrier  concentration  is  very  low  n,p  <  10*^  cm*'^  at  temperatures  T  <  10  K. 
The  free  carrier  concentration  in  undoped  alloys  is  defined  by  electrically  active  growth  defects. 
Their  concentration  is  never  less  than  lO’^  cm'^.  So  we  have  a  very  unusual  situation,  when  a 
heavily  doped  narrow-gap  .semiconductor  with  high  number  of  growth  defects  acts  as  an  almost 
ideal  semiconductor  with  practically  zero  background  free  carrier  concentration  and  very  high 
electrical  homogeneity.  This  makes  very  attractive  the  idea  to  use  this  material  as  an  infrared 
photodetector. 

Persistent  photoconductivity. 


External  infrared  illumination  leads  to  the  .substantial  increment  of  material  conductivity  at 
the  temperatures  T  <  25  K  (Figure  2)  [7].  High  amplitude  of  photoresponse  at  the  low 
temperatures  is  a  consequence  of  the  persistent  photoconductivity  effect:  the  photoresponse 
increases  linearly  in  time  providing  a  kind  of  «intemal  integration»  of  the  incident  radiation  flux. 
When  the  radiation  is  switched  off,  the  conductivity  relaxes  very  slowly.  The  chatactcristic 
relaxation  time  x  >  10'^  s  at  4.2  K  <  T  <  10  K,  then  it  .sharply  decreases  with  the  temperature 
rising,  and  x  -  10  ^  s  at  T  =  20  K.  The  effect  is  defined  by  the  specifics  of  impurity  states  that 
form  DX-like  centers  [8]. 

If  .sample  temperature  is  so  that  x  is  higher  that  the  operation  time  required,  then  a 
photoresistor  may  operate  only  if  there  exists  a  possibility  to  return  to  the  initial  "darkness"  state, 
i.e.  to  quench  quickly  the  persistent  photoconductivity.  Moreover,  periodical  accumulation  and 
successive  fa.st  quenching  of  the  photosignal  leads  to  the  substantial  gain  in  the  S/N  ratio  with 
respect  to  the  case  of  ordinary  single  photodetectors.  The  mo.st  efficient  way  of  quenching  of  the 


188 


100/T,  k  ‘ 


Figure  2.  Temperature  dependence  of  the  sample  resistance  R  measured  in  darkness  (1-4)  and 
under  infrared  illumination  (1-4')  in  alloys  with  x  =  0.22  (1,  1'),  0.26  (2,  2'),  0.27  (3,  3)  and  0.29 
(4,  4')  [7]. 

persistent  photoconductivity  in  Pbi.xSn,Te(In)  is  application  of  strong  microwave  pulses  to 
sample  contacts  [4].  Using  this  technique  the  long-living  photoexcited  free  electrons  may  be 
localized  for  10  p-S.  Therefore  it  became  possible  to  operate  in  the  regime  of  periodical 
accumulation  and  successive  fast  quenching  of  photoresponse.  Moreover,  application  of 
microwave  pulses  in  some  special  regime  results  in  giant  increment  of  the  quantum  efficiency  up 
to- 100  [4]. 

Radiometric  parameters. 

A  laboratory  model  of  the  IR-radiometer  based  on  Pb!-xSnxTe(ln)  operating  in  the  regime  of 
periodical  accumulation  and  successive  fast  quenching  of  the  persistent  photoconductivity,  has 
been  demonstrated  in  [4].  A  helium-cooled  grid  filter  provided  effective  cutting  of  the  incident 
radiation  spectrum  at  the  wavelengths  X>  18  jim.  Despite  low  sensitivity  of  the  measuring 
electronics  used,  the  photon  flux  detected  in  [4]  was  as  low  as  N  —  2T0'^  s  that  corresponds  to 
NEP  =  210  '^  W  for  the  detector  area  of  0.3-0.2  mm^  and  the  operating  rate  3  Hz. 

Direct  comparison  of  the  Pbo.75Sno.25Te(ln)  photodetector,  the  Si(Sb)  BIB  structure  and  the 
Ge(Ga)  photodetector  using  the  same  cryogenic  equipment  and  measuring  electronics  has  been 
performed  in  [9].The  responsivity  Si  of  the  Pbo.75Sno.25Te(In)  photodetector  at  1 16  |im  was  of  the 
order  of  10^  A/W  at  40  mV  bias,  that  is  by  2-3  orders  of  magnitude  higher  than  the  S|  value 
obtained  for  a  state  of  the  art  Ge(Ga)  photodetector  in  the  same  measuring  conditions. 
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Figure  3.  Photoconductivity  kinetics  of  Pbr).75Sn<).25Te(In)  film  exposed  to  blackbody  radiation 
filtered  at  X  =  90  and  1 16  fim.  Figures  -  the  blackbody  temperature  and  the  wavelength.  T  =  4.2 
K.  Illumination  starts  at  the  moment  t  =  0  (with  accuracy  of  (3-4)  s)  [9]. 

The  same  authors  have  directly  observed  persistent  photoresponse  in  the  Pb().75Sn(,25Te(In) 
photodetector  at  the  wavelengths  of  90  and  1 16  pm  (Figure  3)  that  arc  considerably  longer  than 
the  wavelength  corresponding  to  the  thermal  activation  energy  of  the  ground  impurity  state. 
Indications  exist  that  the  red  cutoff  wavelength  for  this  photodetcctor  may  exceed  220  pm  -  the 
highest  Xco  observed  so  far. 

^‘Continuous^’  focal-plane  array. 

Specifics  of  Impurity  states  may  make  very  easy  construction  of  a  focal-plane  array  on 
Pbi.xSnxTe(In).  Local  infrared  illumination  leads  to  local  generation  of  nonequilibrium  free 
electrons,  i.e.  the  persistent  photoconductivity  effect  is  observed  only  in  the  illuminated  part  of 
the  sample,  and  the  photoexcitation  does  not  propagate  into  the  darkened  regions  [10].  The 
characteristic  lime  of  the  excitation  propagation  is  at  least  more  than  10'*  s  at  T  =  4.2  K.  The 
spatial  characteristic  scale  is  ~  10  pm.  The  physical  picture  of  the  processes  involved  is  the 
following.  The  photoexcited  free  electrons  cannot  diffuse  far  away  from  the  region  of  generation 
due  to  electrostatic  attraction  to  the  ionized  impurity  centers.  On  the  other  hand  these  electrons 
cannot  recombine  because  of  the  existence  of  a  barrier  between  the  local  and  extended  states. 

Therefore  the  distribution  of  the  radiation  exposure  over  the  sample  surface  reflects  in  a 
distribution  of  the  concentration  of  long-living  free  electrons.  In  other  words,  it  is  possible  to 
construct  a  focal  plane  continuous"  array,  in  which  the  signal  is  internally  integrated  in  every 
effective  element. 

Readout  technique  is  a  special  problem.  The  approach  proposed  in  [4]  seems  to  be  the  most 
promising.  Let  us  consider  a  thin  slice  of  Pb|.xSnxTe(In)  with  a  semitransparent  electrode 
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Figure  4.  Device  for  readout  of  information  from  the  "continuous"  focal-plane  array  on 
Pbi.xSnxTe(In).  1  -  semitransparent  electrodes,  2  -  active  Pbi.xSnxTe(In)  layer,  3  -  fluoride  buffer 
layer,  4  -  layer  of  a  silicon  (or  other  semiconductor  with  a  relatively  wide  gap),  5  -  short- 
wavelength  laser,  6  -  incident  infrared  radiation  flux  [4]. 

deposited  on  one  side  (Figure  4).  The  investigated  radiation  flux  illuminates  the  sample  from  the 
same  left  side  in  the  Figure  4.  A  buffer  insulating  fluoride  layer  is  deposited  on  another  side  of 
the  sample  followed  by  a  thin  layer  of  silicon  or  some  other  semiconductor  with  a  relatively  wide 
gap,  and  a  second  semitransparent  electrode.  If  the  sample  is  illuminated  by  a  shortwavelength 
laser  from  the  right  side  (see  Figure  4),  it  is  possible  to  generate  a  local  highly  conductive  region 
in  the  wide-gap  semiconductor.  If  then  a  bias  between  the  electrodes  is  applied,  the  current  is 
defined  by  the  Pbi.xSnxTe(In)  sample  conductivity  in  the  region  of  the  laser  spot,  because  the 
thickness  of  the  semiinsulating  wide-gap  semiconductor  layer  is  be  much  less  in  this  point. 
Another  advantage  of  such  a  readout  technique  is  heavy  damping  of  the  dark  current  in  such  a 
structure.  It  is  analogous  to  certain  extent  to  the  ideas  involved  in  BIB  structures.  If  the 
recombination  rate  in  the  wide-gap  semiconductor  is  high  enough,  it  is  easy  to  reconstruct  the 
conductivity  distribution  over  the  Pbi.xSnxTe(In)  sample  simply  by  scanning  the  laser  beam  over 
the  structure  surface  and  by  measuring  the  respective  current.  Unfortunately  this  idea  is  not 
realized  in  practice  so  far. 

Radiation  hardness. 

High  radiation  hardness  is  one  more  advantage  of  the  photodetectors  based  on 
Pbi.xSnxTe(In).  This  is  a  consequence  of  a  very  high  density  of  impurity  states  (~  lO'  -^10  ^ 
cm'^)  that  pin  the  Fermi  level.  The  fast  electron  irradiation  with  fluencies  up  to  10*^-10  cm 
does  not  affect  the  photoresponse  [11].  This  value  is  at  least  by  4  orders  of  magnitude  higher 
than  for  Hgi-xCdxTe,  doped  Ge  and  Si. 
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SUMMARY 

In  summary,  application  of  the  lead-tin  tellurides  doped  with  the  group  III  impurities  as  base 
elements  for  the  infrared  photodetcctors  gives  a  challenging  opportunity  to  produce  universal  and 
sensitive  systems.  They  have  a  number  of  advantageous  features  that  allow  them  to  compete 
successfully  with  the  existing  analogs:  internal  accumulation  of  the  incident  radiation  flux, 
possibility  of  effective  fast  c|uenching  of  an  accumulated  signal,  microwave  stimulation  of  the 
quantum  efficiency  up  to  KT,  possibility  of  realization  of  a  "continuous"  focal-plane  array, 
possibility  of  application  of  a  new  readout  technique,  high  radiation  hardness.  In  our  opinion, 
these  features  make  the  Pb|.xSnxTe(In)-ba.sed  photodetectors  ideal  for  the  space-borne 
applications,  for  example,  in  the  infrared  a.stronomy. 
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ABSTRACT 

As  modem  circuit  architecture  features  steadily  decrease  in  size,  more  accurate  tools  are 
needed  to  meaningfully  measure  critical  dimensions  (CD).  As  a  general  rule,  a  metrology  tool 
should  be  able  to  measure  1/10  of  the  product  tolerance.  An  emerging  technology  for  high 
speed,  high  accuracy  CD  measurement  is  scatterometry.  This  paper  describes  scatterometry- 
based  measurements  of  metal  features  of  350  nm  with  a  space  of  450  nm  (pitch  of  800nm)  on  top 
of  a  complicated  layer  stack  and  compares  them  with  the  results  of  an  atomic  force  microscope 
(AFM).  We  also  looked  into  lithography  cell  monitoring  and  trending  by  measuring  CDs  on  3 
daily  litho  cell  monitors  over  a  period  of  40  days.  Our  long  term  results  show  excellent 
agreement  with  those  of  a  scanning  electron  microscope  (CD-SEM). 


INTRODUCTION 

The  critical  dimension  scanning  electron  microscope  (CD-SEM)  is  the  current  standard  for 
inline  metrology  tools.  The  technique  however,  suffers  from  a  number  of  disadvantages.  Due  to 
loading  wafers  into  a  vacuum  chamber,  the  throughput  is  quite  limited.  Surface/site  charging  by 
the  electron  beam  can  lead  to  inaccuracies  in  measurements.  Finally,  accuracy  of  results  depends 
on  interpretation  algorithms  used  to  realize  the  image  acquired  by  the  CD-SEM,  Scatterometry, 
on  the  other  hand  is  an  optical  metrology  based  on  the  principle  of  diffraction.  By  measuring 
and  analyzing  the  light  scattered,  or  diffracted,  from  a  patterned  periodic  sample,  the  dimensions 
of  the  sample  itself  can  be  measured.  Applications  of  the  technique  have  included  the 
characterization  of  photomasks',  the  monitoring  of  focus^,  dose^  and  the  post  exposure  bake 
process'^,  and  even  the  characterization  of  three-dimensional  features  such  as  contact  hole  and 
DRAM  arrays^.  The  method  is  implemented  in  two  parts  known  as  the  ‘forward’  and  ‘inverse’ 
problems.  The  forward  problem  is  the  measurement  of  the  scatter  signature  and  the  inverse 
problem  is  fitting  of  the  data  from  first  principles  to  extract  meaningful  results.  Although  many 
types  of  scatterometers  have  been  investigated  over  the  years^,  in  this  work  we  use  the  2-0  or 
angle-resolved  implementation  of  the  technique,  were  the  intensity  of  the  0-th  diffraction  order  is 
recorded  as  a  function  of  the  angle  of  incidence.  Several  different  approaches  have  also  been 
explored  for  the  solution  of  the  inverse  problem^.  The  most  common  method  has  been  to 
generate  a  library,  or  ‘look-up’  table,  of  scatter  signatures  using  a  rigorous  diffraction  model 
(Rigorous  Coupled- Wave  Theory).  The  signatures  are  generated  in  advance,  and  the  measured 
scatter  signature  is  compared  against  the  library  to  find  the  closest  match. 

Correspondence:  ykostoulas@accentopto,com,  617-484-531 1  (phone),  253-322-6680  (FAX) 
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EXPERIMENT 


The  samples  investigated  in  this  study  were  a  series  of  25  wafers  processed  by  SEMATECH. 
Only  6  of  these  wafers  however,  were  also  measured  with  an  AFM  and  here  we  will  concentrate 
on  that  common  set.  The  layer  stack  began  with  a  silicon  substrate,  upon  which  was  deposited 
3000  A  of  oxide.  Next,  a  Ti  layer  (250  A  thick)  was  added,  followed  by  an  AlCu  layer  (nominal 
6000  A  thick),  and  finally  a  TiN  layer  (350  A  thick).  BARC  and  resist  layers  were  added  la.st  for 
lithography.  The  targeted  printed  feature  sizes  (in  photoresist)  were  350  nm  for  the  lines  and  450 
nm  for  the  spaces  (which  results  in  a  grating  with  a  pitch  of  800  nm).  All  wafers  were  printed  at 
nominal  dose  and  focus.  The  scatterometry  measurements  were  carried  out  on  a  CDS-2  system 
from  Accent  Optical  Technologies  which  uses  a  632.8  nm  laser  as  its  light  source  while  the  AFM 
was  a  DEKTAK-SXM  in  operation  at  SEMATECH. 

In  order  to  show  reproducibility  performance  of  this  technique,  we  carried  out  separate 
measurements  on  a  daily  .set  of  3  wafers  over  a  period  of  40  days.  The  grating  structure 
consi.sted  of  5500  A  of  UV86  photoresist  on  a  560  A  uniform  DUV30  ARC  layer  on  a  silicon 
substrate.  For  each  wafer  we  measured  CDs  on  1 3  sites  across  including  5  sites  within  a  middle 
die.  Those  sites  were  also  measured  using  a  CD-SEM. 

Library  Details 

An  important  consideration  in  the  generation  of  any  scatterometry  library  is  the  number  of 
modes,  or  orders,  retained  in  the  calculation.  The  higher  the  number  of  modes,  the  more  accurate 
the  theoretical  results  are.  A  large  number  of  modes  however,  results  in  longer  library 
computation  times.  The  determination  of  the  optimal  number  of  modes  is  done  automatically  by 
the  system  software  using  the  system’s  signal-to-noise  as  a  convergence  criterion.  For  the  first 
part  of  this  study,  we  created  two  libraries,  one  for  the  pre-etch  (resist)  .study  and  one  for  the 
post-etch  measurements.  The  former  used  four  fitted  parameters:  resist  thickness,  resist  sidewall 
angle,  resist  CD,  and  BARC  thickness.  The  AlCu  layer  was  thick  enough  to  act  as  a  substrate  in 
this  case.  The  later  used  as  parameters  the  AlCu  layer  thickness,  the  linewidth  of  the  metal 
features,  the  thickness  of  the  etched  part,  and  the  thickness  of  the  unetched  part  of  the  oxide 
layer.  Library  details  can  be  seen  in  Table  I  and  II.  For  the  trending  part  of  the  study,  we  created 
a  library  that  varied  CDs  and  sidewalls. 


Table  I.  Library  parameters  for  the  resist  stack  measurements. 


Highest 

iteration 

HH 

Linewidth 

300  nm 

360  nm 

2  nm 

31  X  11  X 

37  X  1 1  = 
138,787 

Sidewall 

86® 

9|9 

II 

Resist  Thk 

9800  A 

10700  A 

25  A 

37 

BARC  Ihk 

600  A 

850  A 

25  A 

II 

1% 


Table  II:  Library  parameters  for  the  etched  stack  measurements. 


Parameter 

name 

Lowest 

iteration 

Highest 

iteration 

Resolution 
(step  size) 

Number  of 
iterations 

Lib,  Size 
(#of 

signatures) 

Linewidth 

210  nm 

270  nm 

2  nm 

31 

31  x41  X 

37x  13  = 

611,351 

AlCu  Thk 

6000  A 

7000  A 

25  A 

41 

Etch  Ox  Thk 

100  A 

1000  A 

25  A 

37 

Unif  Ox  Thk 

2100  A 

2400  A 

25  A 

13 

RESULTS 
Metal  features 


Figure  1  shows  the  scatterometer  resist  (pre-etch)  linewidth  results  in  comparison  to  AFM 
data  for  three  wafers  (identified  as  5,  13  and  21).  In  the  figure  results  from  these  three  wafers  are 
grouped  together  in  succession  on  the  x-axis,  but  lines  have  been  drawn  to  indicate  the  different 
wafer  data.  The  AFM  measurements  are  showing  considerable  linewidth  variation  for  wafers  5 
and  21,  and  to  a  lesser  extent  on  wafer  13.  These  variations  are  probably  an  artifact  due  to  the 
difficulty  in  performing  AFM  measurements  on  a  ‘sticky’  material  such  as  photoresist.  A  similar 
resist  stack  (APEX  on  BARC,  also  processed  at  SEMATECH)  was  measured  in  previous 
research^  and  did  not  show  this  degree  of  variation.  Furthermore,  the  sister-etched  wafer  (wafer 
1)  from  this  group  did  not  exhibit  this  degree  of  variation  (see  figure  3,  wafer  1).  Overall  the 
scatterometry  results  show  consistent  linewidth  measurements  across  each  wafer,  which  was  to 
be  expected  for  this  process. 

The  resist  sidewall  angle  results  are  shown  in  figure  2.  In  this  case  there  is  good  agreement 
between  the  AFM  (which  are  the  average  of  the  left  and  right  wall  angles)  and  CDS-2  results. 
Recall  that  the  scatterometry  model  used  0.5  degree  increments  for  the  sidewall  angle  parameter 
(although  this  is  not  the  ultimate  resolution  of  the  tool  for  performing  sidewall  measurements), 
and  as  a  result  the  scatterometry  data  only  vary  between  89.0  and  89.5  degrees.  The 
scatterometer  results  also  seem  to  track  the  correct  trends  as  observed  by  the  AFM; 
measurement  number  6,  7  and  8  (from  wafer  5)  show  a  “low-high-low”  trend  that  was  observed 
on  both  tools. 


Figure  1.  Scatterometer  and  AFM  measurements  of  the  resist  (pre-etch)  linewidth. 
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Figure  2.  Scatterometer  measurements  of  the  resist  (pre-etch)  sidewall  angle. 


Figure  3  shows  the  etched  linewidth  measurements  performed  by  both  scatterometry  and  the 
AFM.  The  results  for  the  first  wafer  in  the  set  (wafer  1)  show  a  good  correlation  with  an  average 
CD  of  375  nm  for  the  AFM  and  260  nm  for  the  scatterometer.  The  correlation  is  lower  for  the 
middle  wafer  (#9)  and  third  wafer  (#17).  Some  of  the  measurement  sites  for  the  third  wafer  were 
damaged  as  was  determined  by  both  a  visible  inspection  and  by  the  etched  layer  thickness 
measurements.  Overall  there  is  clearly  an  offset  (~150  nm)  between  the  two  measurement  types, 
which  is  best  illustrated  in  the  data  from  wafer  1 .  This  offset  is  due  to  the  AFM  tip  not  being 
deconvolved  out  of  this  measurement  (the  tip  width  was  set  to  0  A).  It  is  worth  noting  that,  as 
one  would  expect,  the  scatterometry  CD  trends  observed  on  all  the  individual  wafers  are  similar 
to  the  trends  observed  in  the  resist  measurements  (refer  back  to  figure  1).  This  is  exactly  what 
one  would  expect  from  a  typical  litho-to-etch  process;  the  resist  CDs  are  transferred  into  the 
etch.  We  also  carried  out  measurements  of  the  etched  layer  thickness  with  both  the  scatterometry 
system  and  the  AFM  and  they  were  found  to  be  in  excellent  agreement.  Note  that  the 
scatterometry  thickness  results  are  the  sum  of  the  four  individual  layer  thickness:  the  etched 
oxide  region,  the  Ti  thickness,  the  AlCu  thickness,  and  the  TiN  thickness.  The  scatterometer 
actually  determines  the  different  thickness  of  these  materials,  whereas  the  AFM  docs  not  -  it 
measures  the  total  thickness. 


Line 

width 

(nm) 


Figure  3.  Scatterometer  and  AFM  measurements  of  the  etched  metal  linewidth. 
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Lithography  cell  monitors  are  used  to  monitor  steppeij  health.  The  large  arrays  of  line/space 
pairs  make  cell  monitors  an  ideal  application  for  scatterometry.  Measurements  were  made  on 
cell  monitors  over  a  40  day  period  on  both  CD-SEM  and  scatterometer.  Figure  4  presents  CD 
and  sidewall  angle  trending  data  for  the  scatterometer.  Figure  5  presents  CD  trending  data  for 
the  top-down  CD-SEM. 

280  T- - — - -  92 


260  -{ - - - -  4  91 


Date 


Figure  4:  Lithographic  cell  monitor  CD  and  sidewall  angle  trending  data  for  scatterometer. 


Date 

Figure  5:  Lithographic  cell  monitor  CD  trending  data  for  CD-SEM. 
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In  comparing  the  results  from  the  two  metrology  tools,  there  arc  three  noticeable 
observations.  The  first  is  that  there  is  an  approximately  30  nm  offset  between  scatterometer  CD 
and  CD-SEM  CD,  with  the  CD-SEM  measuring  higher.  Both  tools  detect  a  temporary 
downward  shift  in  the  measured  CD  on  the  day  of  8/14/00  (with  the  scatterometer  also  showing 
generally  poor  fits  to  the  data  for  this  day).  The  second  is  the  response  to  a  process  shift 
occurring  between  the  months  of  August  and  September.  The  top-down  CD-SEM  measured  an 
approximate  10  nm  increase  in  CD  during  the  process  shift,  while  the  scatterometer  measured  no 
CD  increase.  However,  the  scatterometer  does  .show  an  increase  in  the  sidewall  angle  during  the 
process  shift,  from  an  89  degree  to  a  90  degree  vertical  sidewall.  Limited  cross-section  CD-SEM 
data  was  taken  between  this  process  shift,  which  saw  the  sidewall  angle  increase  from  88  degrees 
to  90  degrees.  The  trend  in  increasing  SEM/.scatterometer  CD  offset  with  more  vertical 
sidewalls  has  also  been  observed  in  prior  work‘'  \  and  the  measured  offset  is  consistent  with  what 
has  been  seen  in  those  publications. 

CONCLUSIONS 

A  novel,  optical  non-contact  technique  based  on  .scalteromctry  was  employed  to  measure 
CDs  and  sidewall  angles  on  a  4  layer  composite  grating  and  the  results  were  compared  to  AFM 
measurements.  The  wafers  comprised  both  resist  and  etched  metal  samples  with  nominal  350 
nm  (resist)  and  250  nm  (etch)  linewidth.  Comparisons  to  AFM  measurements  on  the  same 
samples  showed  good  correlation  and  consistency.  In  addition,  wc  examined  long  term  trending 
capabilities  of  the  technique  on  a  40  day  period  and  compared  with  the  performance  of  a  top- 
down  CD-SEM.  We  found  that  a  process  shift  in  sidewall  angles,  caused  the  CD-SEM  to  report 
an  artificially  increase  in  CDs  by  10  nm  while  the  scatteromciiy  measurements  were  able  to 
distinguish  between  the  CD  and  sidewall  angle  changes.  Finally,  the  precision  of  these 
measurements  were  determined,  and  indicate  that  scaiterometry  is  an  attractive  alternative  for 
high  volume,  high  precision  inspections. 
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ABSTRACT 

The  possibility  of  the  solid  solutions  with  MgO  provides  the  opportunity  in  ZnO/ZnMgO 
quantum  well  structures.  The  recent  observation  that  n-type  conductivity  in  ZnO  is  due  to 
hydrogen  doping  open  the  avenue  for  p-doping  to  form  p-n  junction  devices  in  ZnO..  We 
report  on  the  synthesis  and  structural  properties  of  Zn  (Mg,Li)0.  The  possibility  of  p-doping 
by  P  has  been  explored. 


INTRODUCTION 

A1  doped  ZnO  thin  films  increase  the  conductivity  without  sacrificing  its  optical 
properties  [1].  Theoretical  prediction  and  the  recent  observation  [2,3]  that  the  n  type 
conductivity  in  ZnO  is  due  to  hydrogen  incorporation,  has  attracted  a  lot  of  attention  for  the  p 
doping.  Zinc  oxide  films  have  been  used  as  transparent  conductors,  surface  acoustic  wave 
(SAW)  devices  and  oxygen  sensors  [4].  We  demonstrated  that  Znj.xMgxO  makes  a  solid 
solution  [5]  for  ~  12  at  %  MgO  without  changing  the  wurtzite  structure  of  ZnO.  It  provides 
the  opportunity  of  band  gap  engineering  for  optoelectronic  devices.  Also,  the  observed  small 
ferroelectric  response  [7]  in  Zni.xLixO  was  proposed  to  be  due  to  the  structural  modification 
due  to  off-centered  dopants  Li'^  (0.60A)  on  host  Zn^"^  (0.73  A)  in  wurtzite  structure.  Thus,  an 
understanding  of  the  bonding  character  in  Zni.x(LiyMgi.y)xO  material  is  important  for  the 
development  p-n  Junction  based  blue  emission  devices.  We  investigate  here  the  structural 
properties  of  Zni.x(LiyMgi.y)xO  prepared  by  solution  chemistry  synthesis  route. 

EXPERIMENTAL  DETAILS 

For  the  synthesis  of  Zni.x(LiyMg!-y)xO,  precursors  were  simple  salts  such  as,  acetates 
of  zinc,  magnesium,  and  lithium  with  methoxy  ethanol  and  2-ethylhexanoic  acid  as  solvents. 
Stoichiometric  ratios  of  the  desired  compositions  were  dissolved  in  methoxy  ethanol  and  2- 
ethylhexanoic  acid.  The  solutions  of  the  individual  salts  and  solvents  were  mixed  hot.  This 
solution  was  then  refluxed  to  form  a  clear  solution.  Part  of  the  solution  was  dried  on  a  hot 
plate  with  constant  stirring  to  make  the  powder.  The  powder  was  ground  in  agate  crucible, 
and  annealed  at  different  temperatures  to  study  the  evolution  of  chemical  reaction.  Another 
part  of  the  solution  was  heated  to  make  a  denser  solution  for  spin  coating.  Thin  films  were 
deposited  on  Pt  (Pt/Ti02/Si02/Si)  substrate  by  spin  coating  (Headway  spinner)  at  3500  rpm. 
The  materials  were  characterized  using  x-ray  diffraction  and  Raman  spectroscopy. 
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Material  Characterization 


The  Raman  measurements  were  performed  using  an  ISA  764000  triple 
monochromator  with  1800  grooves/mm  gratings.  An  optical  microscope  with  SOX  objective 
was  used  to  focus  the  excitation  radiation,  a  514,5  nm  line  from  a  Coherent  Innova  99  Ar^ 
laser,  as  well  as  to  collect  the  backscattered  radiation.  Room  temperature  Raman  .spectra  of 
the  Zni.xLixO  for  different  compositions  are  shown  in  Figure  1 .  The  new  modes  between  100 
and  200  cm  '  are  indeed  indicative  of  another  structural  phase  above  x  =  0.20.  The  transition 
for  the  composition  x  =  0.2  suggests  a  morphotropic  boundary.  The  peaks  around  1 100  cm  ’ 
are  large,  shaip,  and  their  intensities  are  appreciable  to  consider  them  higher  order  peaks.  It  is 
quite  clear  that  there  is  a  definite  phase  transition  at  about  x  =  0.20  near  the  room 
temperature.  The  spectra  beyond  x  =  0.90  show  a  complete  transformation  to  a  new  phase 
dominated  by  Li-0  modes  and  one  could  see  Zn-0  modes  disappearing  entirely.  The  low 
frequency  mode  around  101  cm  '  must  be  solely  due  to  the  0-0  bending  vibrations.  The 
oxygen  octahedra  must  then  have  the  shortest  edge  in  order  for  the  0-0  stretching  frequency 
to  be  ~1 100  cm  '. 

X-ray  diffraction  patterns  (CuKa  line)  of  Zni.^MgxO  and  Ziii-xLixO  for  different 
compositions  and  annealed  at  700  °C  are  shown  in  Figure  2  and  3,  respectively.  For 
comparison,  the  x-ray  diffraction  patterns  of  Zn(,,c>„(Li,),n2Mg„,,)s)0  i.e.  for  x  =  0. 10,  and  y  = 
0.02  compositions  and  MgO  are  also  shown  in  Figure  3.  As  evident  from  Figure  2,  about  1 3 
at.  %  Mg  replaces  the  Zn  site  without  changing  the  wurtzite  structure  of  ZnO,  In  the  case  of 
Zni-xLixO,  about  7  at.  %  of  Li  ion  replaces  the  Zn  ion  site.  Thus,  bad  gup  tailoring  is  possible 
in  these  materials.  It  can  be  noted  in  Figure  3  that  for  the  .same  Zn  content  (i.e.  x  =  0.01)  in 
Zni-xLixO  and  Zni.x(LiyMgi.y)xO,  additional  peak  appears  at  about  20  =  43°  in  the  x-ray 
diffraction  pattern  of  Zni.x(LiyMg|.y)xO  which  corresponds  to  MgO.  This  may  be  due  to 
dissimilar  ion  sizes  of  Li  and  Mg. 


Figure  1.  Raman  spectra  of  Zni-vLiyO  for  different  compositions  tind  annealed  at  700  °C. 
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Figure  2.  X-ray  diffraction  patterns  of  Zni.xMgxO  for  different  compositions  and  annealed  at 
700  °C. 

Figure  4  shows  the  x-ray  diffraction  patterns  of  Zno.8Lio.20O  and  Zno.9o(Lio.o2Mgo.o8)0 
and  thin  films  deposited  on  Pt  substrate  (Pt/Ti02/Si02/Si).  One  can  observe  that 
Zno,i;o(Li(),()2Mgo,()x)0  film  show  oriented  growth  with  dominated  peak  at  20  ~  35°. 

P-Doping 

Theoretical  prediction  (1)  and  the  experimental  observation  (2)  that  shallow  energy  levels 
are  acting  as  n-dopant  in  ZnO,  suggests  that  proper  p-dopants  such  as  P  and  N  may  act 
effectively  on  Zn  site  to  avoid  amphoteric  behavior.  The  ZnO  film  containing  P  have  shown  p 
doping  with  poor  carrier  hole  concentration  p  =  l0^"/cm^.  But  the  Ga-N  co-doping  (8)  has 
shown  better  hole  concentrations  but  it  also  introduces  undesirable  defects.  Therefore  the  gas 
phase  doping  with  ionized  N  may  be  more  effective,  and  such  an  effort  is  in  progress. 


Figure  3.  X-ray  diffraction  patterns  of  Zn,.,(Lij.Mg,.y)xO  for  different  compositions  and 
annealed  at  700  °C 
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Figure  4.  X-ray  diffraction  of  Zni-xLixO  (x  =  0.00, 0.20),  and  Zn().9()(Li(),()2Mg().()8)0  thin  films 
on  Pt  substrate. 


CONCLUSION 

We  investigated  the  structural  properties  of  Zn|.x(LiyMg|.y)xO  using  x-ray  diffraction 
and  Raman  spectroscopy.  It  is  concluded  that  about  13  at.%  of  Mg  does  not  change  the 
wurtzite  structure,  and  about  7  at.%  of  Li  ion  replaces  Zn  ion.  Thin  films  deposited  on  Pt 
substrate  by  spin  coating  are  stoichiometric.  The  P  doped  ZnO  films  showed  poor  hole 
density  p  =  lO^'/cm^. 
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ABSTRACT 

Depth  profiling  for  the  amount  of  lattice  damage  using  a  Confocal  Micro-Raman  (CMR) 
spectrometer  is  demonstrated  in  this  paper.  Samples  of  n-type  silicon  carbide  were  implanted 
with  2  MeV  He  and  O  ions  at  both  room  temperature  and  500  °C,  and  fluences  between  10  and 
lO'^  ions/cm^.  Post-implantation  annealing  at  1000  °C  was  also  performed  in  order  to  study  the 
damage  evolution.  Optical  Absorption  Spectrophotometry  (OAS)  was  used  for  establishing  the 
opacity  (and  therefore  the  probing  depth)  of  the  damaged  layer  to  the  632.8  nm  wavelength  of 
the  He-Ne  laser  used  for  CMR  throughout  this  study.  The  methodology  used  and  the  results 
obtained  are  presented  herein.  Total  dissipation  of  amorphous  carbon  islands  was  observed  even 
at  low  annealing  temperatures  of  the  RT  implanted  samples,  along  with  an  increase  in  the  size  of 
the  amorphous  silicon  islands. 


INTRODUCTION 

In  device  fabrication  the  ion  implantation  is  usually  the  doping  method  of  choice  because  it 
offers  precise  control  over  the  spatial  distribution  and  doping  level  using  conventional  masking 
techniques.  Hot  implantation  of  silicon  carbide  is  a  common  practice  aimed  at  reducing  the 
damages  incurred  during  the  passage  of  ions  through  the  material,  reducing  the  needs  for  post¬ 
implantation  annealing  for  crystalline  lattice  recovery.  Although  literature  mentions  that  strong 
dynamical  recovery  has  been  achieved  at  temperatures  as  low  as  200  °C,  an  annealing 
temperature  up  to  1700  °C  is  still  necessary  for  an  acceptable  degree  of  lattice  recovery, 
especially  for  Al-doped  p-type  silicon  carbide.  In  order  to  predict  a  certain  type  of  behavior  of  an 
electronic  device,  it  is  important  to  know  the  depth  distribution  of  the  residual  damage  present  in 
the  crystalline  lattice.  This  is  necessary  because  the  carrier  trapping  levels  introduced  in  the  band 
gap  by  lattice  damages  (vacancies,  interstitials,  substitutionals  etc.)  can  significantly  change  the 
electric  behavior.  Techniques  like  Positron  Annihilation  Spectroscopy  [5,6]  and  Rutherford 
Backscattering/Channeling  Spectrometry  [7]  have  been  reported  in  the  literature  as  good  tools 
for  this  type  of  investigation.  This  paper  is  intended  to  present  an  all-optical  approach  of  this 
problem,  using  a  CMR  spectrometer  for  depth  monitoring  of  the  400  -  600  cm''  (amorphous 
silicon)  and  1250  -  1450  cm''  (amorphous  carbon)  spectral  regions.  Also,  an  UV/Vis  (200  -  980 
nm  wavelength  range)  spectrophotometer  was  used  for  optical  absorption  measurements  aimed 
at  establishing  the  probing  depth  of  the  He-Ne  laser  (632.8  nm  wavelength)  used  by  the  CMR 
spectrometer.  The  SRIM  computer  code  was  used  as  well,  for  establishing  the  ranges  of  the  He 
and  O  ions  into  silicon  carbide,  and  to  provide  a  depth  profile  for  the  number  of  displaced  atoms 
from  the  silicon  carbide  crystalline  lattice  during  the  implantation  process. 
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METHODOLOGY  FOR  ANALYSIS 


The  confocal  sampling  mode  of  the  micro  Raman  spectrometer  [  1  ]  introduces  the  advantage 
of  reduced/controlled  depth  of  focus,  resulting  in  an  increased  resolution  on  the  z-axis  (the 
normal  at  the  surface  of  the  sample).  Experimentally,  the  confocality  is  measured  usually  by 
plotting  the  intensity  of  the  only  Raman  line  of  silicon  (520  cm*')  as  a  function  of  the  position  of 
the  focus  on  the  z-axis.  The  curve  obtained  for  a  confocal  hole  of  200  pm  has  an  almost  gaussian 
shape,  with  the  second  order  momentum  (the  square  root  of  the  variance)  equal  to: 

_ 

For  n-type  6H  silicon  carbide,  considering  n=2.66  (the  refractive  index),  X=632.8  nm  (the 
wavelength  of  the  He-Ne  laser),  and  the  numerical  aperture  of  the  objective  NA=0.9  (for  the 
lOOX  objective),  this  quantity  is  520  nm.  Therefore,  the  FWIIM  (full  width  at  half  maximum  = 
the  measure  for  confocality)  of  the  Raman  intensity  curve  becomes  1 .22  pm  (FWHM  =  2.35xa). 
This  value  is  associated  with  the  diameter  of  the  spot  in  the  sample  where  the  laser  beam  is 
focused,  and  from  where  the  Raman  signal  is  collected.  However,  in  implanted  silicon  carbide 
samples,  the  photoabsorption  coefficient  of  the  material  increases  to  vci'y  high  values,  absorbing 
the  probing  light  into  a  much  lesser  distance  than  the  one  given  by  the  confocality.  Therefore  a 
“probing  depth”  for  a  particular  combination  target  -  laser  beam  is  introduced  [2]  as: 


2//  U,+/J  2// 


with  4  the  intensity  of  the  light  scattered  from  the  surface  of  the  sample  to  the  depth  4,  /j  the 
intensity  of  the  light  scattered  from  the  depth  4  to  infinity,  and  //  the  photoabsorption 
coefficient.  The  number  in  the  second  part  of  the  formula  above  (2.3)  appears  when  a  generally 
accepted  0. 1  value  for  the  ratio  between  the  Ij  and  the  total  scattered  light  is  considered.  One  can 
see  that  extrapolating  for  an  infinite  high  photoabsorption  coefficient  (opacity  of  the  sample),  the 
probing  depth  goes  to  zero,  and  thus  having  analyzed  only  the  surface  of  the  sample. 

U  V/Vis  Optical  Absorption  Spectrophotometiy  (OAS)  was  used  for  determining  the 
photoabsoiption  coefficient  of  the  layer  damaged  by  ion  implantation.  The  absorbance  A 
measured  in  OAS  is  related  to  this  coefficient  by: 

/l  =  lg(e^"')=^//i/  (3) 


with  k  -  0.4343  and  a^the  distance  traveled  by  the  electromagnetic  radiation  through  the  material 
of  photoabsorption  coefficient//  [8].  Assuming  a  constant  coefficient  //  ’  for  the  implanted  layer 
of  thickness  <J\  one  can  calculate  it  from: 


//'  =  //  + 


A' -A 
kd' 


(4) 


The  value  for  d'  can  be  easily  estimated  from  damage  distributions  given  by  SRIM  simulations 
for  the  ion  implantation  process,  and  the  two  absorbances  (for  the  sample  after  and  before 
implantation,  at  the  wavelength  of  the  laser  beam  used  in  CMR)  can  be  obtained  from  OAS. 
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EXPERIMENT  AND  RESULTS 


Samples  of  n-type  (N-doped)  silicon  carbide  were  implanted  with  helium  and  oxygen  at  2 
MeV  and  fluences  between  and  lO'^  ions/cm^  at  both  room  temperature  (RT)  and  500  °C. 
The  ion  implantation  was  carried  out  at  the  Oak  Ridge  National  Laboratory.  Table  1  presents  the 
implantation  conditions  for  the  samples  used  in  this  study.  The  post-implantation  annealing  in 
argon  at  500  and  1000  °C,  and  the  optical  analysis  were  performed  at  the  Center  for  Irradiation 
of  Materials  of  Alabama  A&M  University.  Optical  measurements  (OAS  and  CMR)  were 
employed  before  implantation  and  after  each  annealing  step.  Unimplanted  silicon  carbide 
samples  were  also  annealed  in  identical  conditions,  for  monitoring  the  original  defect  evolution, 
as  a  baseline  for  the  defect  densities  of  the  implanted  samples.  The  parameters  used  for  the  CMR 
spectrometer  were  200  pm  confocal  hole,  lOOX  objective,  1800  g/mm  grating,  20  mW  He-Ne 
laser  (X,=632.817  nm),  and  a  Peltier  cooled  CCD  detector.  The  spectra  were  acquired  in  the  300- 
700  cm'*  region  for  amorphous  silicon  and  Si-Si  characteristic  peaks  and  1200-1700  cm'  region 
for  amorphous  carbon.  OAS  was  performed  in  the  200-980  nm  wavelength  range,  although  only 
absorbance  values  at  632.8  nm  were  of  interest  for  this  work. 

The  depth  scanning  was  performed  with  a  1  pm  step,  starting  at  the  surface  of  the  sample  and 
ending  after  the  entire  range  of  the  implanting  ions  was  covered,  when  possible  (probing  depth 
large  enough).  The  ion  ranges  were  obtained  from  SRIM.  Figure  1  presents  the  damage  profiles 
taken  for  both  amorphous  silicon  and  amorphous  carbon  regions  for  the  as  implanted  samples. 
Only  for  two  samples  was  possible  a  depth  profiling,  the  others  being  opaque  for  632.8  nm 
wavelength  of  the  laser,  therefore  having  Raman  signal  collected  just  Ifom  the  surface.  Figure  2 
presents  data  for  the  RT  implanted  samples  after  annealing  for  1  hour  at  500  °C  in  argon, 
compared  to  the  samples  implanted  at  500  °C  to  see  the  difference  made  by  the  hot  implantation 
vs.  cold  implantation  +  annealing.  Figure  3  presents  the  damage  profiles  of  the  samples  after 
annealing  for  1  hour  at  1000  °C  in  argon.  Damage  profiling  on  unimplanted  silicon  carbide 
annealed  in  the  same  conditions  as  the  implanted  samples  was  also  carried  out  and  the  results  are 
presented  in  Figure  4,  only  for  the  amorphous  silicon  region. 

Table  1.  Implantation  parameters  for  the  silicon  carbide  samples  used  in  this  work. 


Parameter 

Sample  number 

46 

48 

49 

50 

55 

56 

59 

60 

Ion 

He 

He 

He 

He 

0 

O 

0 

0 

Energy  (MeV) 

2 

2 

2 

2 

2 

2 

2 

2 

Fluence  (cm'^) 

10'^ 

10” 

10'^ 

10'^ 

10" 

lO" 

10" 

10'*^ 

Implantation 

Temperature 

RT 

RT 

500  °C 

500  °C 

RT 

RT 

500  °C 

500  °C 
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Figure  I.  RT  vs.  500  ion  implantation.  Figure  2.  Implantation  +  annealing  vs.  hot 

implantation  (all  at  500  °C). 


Figure  3.  After  annealing  at  1 000  °C.  Figure  4.  Pristine  SiC  (Si  profiling 


DISCUSSIONS 


From  Figure  1  one  can  see  that  the  depth  profiling  was  possible  only  for  a  few  samples.  The 
“Si”  or  “C”  symbols  in  the  legend  show  for  which  amorphous  region  is  the  respective  plot  taken. 
The  plots  monitoring  the  silicon  region  follow  a  shape  mimicking  the  distributions  given  by 
SRIM  simulations  for  silicon  displacements,  with  maximum  values  at  the  depth  where  the 
helium  and  oxygen  ions  stopped  in  the  material  (4.66  and  1 .6  pm,  respectively).  This  is  an 
unsurprising  result,  knowing  that  the  damage  is  caused  by  the  nuclear  energy  loss,  which  is  the 
dominating  process  toward  the  end  of  the  ion’s  range.  What  is  surprising  is  that  the  amount  of 
damage  is  greater  in  case  of  hot  implantation  than  the  RT  implantation,  leading  to  the  conclusion 
that  silicon  is  easier  to  be  displaced  at  higher  temperatures,  and  the  damaged  crystalline  lattice  is 
not  recovering  from  this,  as  in  the  general  case  of  other  semiconductors.  However,  there  is  no 
amorphous  carbon  to  be  monitored  for  the  sample  that  was  hot-implanted,  whereas  for  the 
sample  implanted  at  RT  there  is  a  relatively  massive  amorphization  of  earbon  present,  with  an 
almost  uniform  distribution  in  depth,  during  the  entire  range  of  helium  ions.  Since  the  sample 
implanted  at  500  °C  is  more  transparent  to  visible  light  than  the  one  implanted  at  RT,  one  can 
conclude  that  the  cause  for  losing  the  transparency  is  the  amorphous  carbon  islands  created 
during  implantations.  Post-implantation  annealing  to  500  °C  of  the  samples  implanted  at  RT  (see 
Figure  2)  presented  a  better  transparency  to  visible  light,  allowing  the  depth  profiling  for  most  of 
the  samples,  also  correlated  to  the  complete  disappearance  of  the  amorphous  carbon  peak. 
However,  instead  of  approaching  the  amorphous  silicon  distributions  for  the  hot-implanted 
samples,  the  silicon  amorphization  region  in  sample  46  increases  and  spreads  within  the  sample, 
showing  that  the  situation  actually  worsens  for  the  crystalline  lattice.  This  situation  is  confirmed 
in  Figure  3,  where  the  distributions  for  all  the  samples  presented  there  show  an  overall  increase 
by  a  factor  of  2,  along  with  a  “leveling”  (more  significant  in  the  case  of  helium  implanted 
samples).  Also,  the  difference  between  the  samples  implanted  at  RT  and  the  ones  hot-implanted 
becomes  negligible  at  this  point.  The  confinnation  that  this  is  an  effect  due  solely  to  the  ion 
implantation.  Figure  4  shows  the  non-implanted  witness  sample,  whose  amorphous  silicon 
distribution  remains  relatively  unchanged  throughout  the  temperature  range  investigated. 


CONCLUSIONS 

The  work  presented  here  demonstrates  that  is  possible  to  use  a  CMR  setup  for  monitoring  the 
depth  distribution  of  damages  in  materials  that  are  relatively  transparent  to  the  wavelength  of  the 
laser  used.  A  methodology  for  estimating  the  depth  resolution  is  described,  and  the  techniques 
for  obtaining  the  parameters  involved  are  mentioned. 

It  has  been  shown  that  hot-implantation  of  silicon  carbide  is  preferable  over  RT  implantation 
followed  by  annealing.  In  addition,  it  was  shown  a  complete  dissipation  of  the  amorphous  carbon 
regions  even  at  low  annealing  temperatures.  As  for  the  amorphous  silicon  regions  in  the  material, 
it  was  shown  that  they  do  not  dissipate,  but  rather  increase  in  dimensions  with  the  annealing 
temperatures.  Further  studies  at  higher  temperatures  are  recommended  for  future  work,  for  an 
accurate  monitoring  of  their  evolution. 
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ABSTRACT 

The  ternary  chalcopyrite  semiconductor  Cu(In/Ga)(Se/S)2  is  currently  used  as  an  absorber 
layer  in  high  efficiency  thin  film  solar  cells.  In  this  study,  various  types  of  I-III-VI  (I  =  Cu,  III  = 
Ga  or  In,  VI  =  S  or  Se)  thin  films  (CuGaS2,  CuInS2  and  CuInSe2)  were  prepared  from  a  series  of 
organometallic  precursors,  M[(S/Se)2CNMeR]„  (M  =  Cu,  In,  Ga;  R  =  alkyl)  by  aerosol-assisted 
chemical  vapour  deposition  (AACVD).  In  contrast  to  the  metal  alkyl  compounds,  MR3  (M  =  In 
and  Ga;  R  =  alkyl),  which  are  pyrophoric,  the  precursors  are  easy  to  synthesize  by  one-pot 
reactions  and  are  air  stable.  The  optimum  growth  temperature  for  the  preparation  of  these  films 
on  glass  substrates  using  aerosol-assisted  chemical  vapour  deposition  (AACVD)  was  found  to  be 
above  400  ‘’C  in  terms  of  crystallinity,  although  deposition  does  occur  at  lower  temperatures.  The 
films  have  been  characterised  using  XRPD,  SEM  and  EDS.  SEM  analyses  show  all  films  are 
microcrystalline.  XRPD  results  show  evidence  of  the  crystalline  nature  of  theses  films.  The 
results  of  this  comprehensive  study  are  presented  and  discussed. 

INTRODUCTION 

Ternary  compound  semiconductors  such  as  copper  indium/gallium  disulfide/diselenide 
(CuInS2,  CuGaS2  or  CuInSe2)  are  promising  materials  for  use  in  high  efficiency  solar  cells. 

There  have  been  only  a  few  reports  of  the  deposition  of  CUME2  by  CVD  methods.  A  halogen 
transport  VPE  method[l]  has  ^en  used  to  grow  single  crystals.  CuInSe2  films  contaminated  with 
In2Se3  have  been  deposited  by  MOCVD  using  copper(II)  hexafluoroacetylacetonate  mixed  with 
trimethylamine,  triethyl  indium  and  hydrogen  selenide.[2,3]  A  plasma  enhanced  process  using 
both  hexafluoroacetylacetonate  copper  and  indium  complexes  and  a  novel  selenium  source  4- 
methyl-l,2,3-selenadiazole  has  also  been  used.[4]  Chichibu  has  reported[5]  the  growth  of 
heteroepitaxial  layers  of  CuInSe2  using  cyclopentadienylcoppertriethylphosphine,  trimethyl 
indium  and  diethylselenide  as  the  precursors;  the  first  successful  MO  VPE  results. 

There  are  also  some  initial  reports  concerning  the  use  of  single-source  organometallic 
precursors  for  the  deposition  of  CuInS2  films. [6,7]  Recently  Hollingsworth  et.  al.  reported  spray 
CVD  of  CuInS2  films  using  a  single-source  precursor,  (Ph3P)2Cu(|Li-SEt)2ln(SEt)2.  In  their  study, 
highly  orientated  CuInS2  was  deposited  on  Si(l  1 1)  substrates  at  600  ”C.[8] 

We  have  been  developing  a  range  of  dithio-  and  diseleno-carbamato  complexes  of  various 
metals  which  have  been  successfully  used  to  deposit  a  wide  range  of  semiconductor  materials. [9] 
One  particularly  successful  modification  to  the  sulfur/selenium  containing  ligands  has  been  to 
develop  compounds  in  which  the  parent  amine  is  asymmetrically  substituted  and  involves  a 
bulky  or  extended  alkyl  substituent.[10,ll]  Compounds  with  these  ligands  are  air  stable  and 
sufficiently  volatile  for  the  deposition  of  thin  films  of  materials  such  as  CU2E,  In2E3,  Ga2E3,  ZnE 
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and  CdE  (E  =  S  or  Se).[12-13]  Success  with  the  binary  parents  of  CuInE2  has  encouraged  us  to 
deposit  the  ternary  phase.  In  this  paper  we  report  a  simple  AACVD  process  for  copper 
indium/gallium  disulfide/diselenide  thin  films. 

EXPERIMENTAL  DETAILS 

Precursor  Synthesis 


The  precursors  were  prepared  by  literature  methodsf  14]  and  analyzed  by  CHN,  NMR,  Mass 
Spec,  and  TGA. 


Cu(S2CNMe”Hex)2  (1):  Yield  64%,  m.p.  48  ”C,  Elemental  analysis:  C16H32S4N2CU.  Calculated: 
C:  43.29,  H:  7.2,  N:  6.05%.  Found:  C:  42.76,  H:  6.97,  N:  6.05%.  Mass  Spectrum:  m/z  significant 
peaks  [M"]  444,  [CuS2CNCH3C6H,3]  253,  [S2CNCH2CH]  1 17,  [S2CNCH2C]  1 16. 

1n(S2CNMe”Hexh  (2):  Yield  67%,  m.  p.  100  "C,  Elemental  analysis:  C24H48N3S6ln.  Calculated: 
C:  42.02,  H:  6.91,  N:  5.88%.  Found:  C:  42.27,  H:  6.73,  N:  6.01%.  'H  NMR  (6,  C6D6,  300 
MHz):  0.86  (t,  9H,  -NCH2CH2CH2CH2CH2Cf/3),  1.18  (m,  18H,  -CH2CH.C//2C//2C//2CH3), 

1.38  (m,  6H,  -NCH2C//2CH2CH2CH2CH3),  2.8  (s,  9H,  -NC//,),  3.3  (t,  6H  - 
NCf/2CH2CH2CH2CH2CH3). 

Cu(Se2CNMe”Hex)2  (3):  Yield  70%,  Elemental  analysis:  C|6H32Se4N2Cu.  Calculated:  C:  30.45, 
H:  5,07,  N:  4.44%.  Found:  C:  30,84,  H:  5.65,  N:  4.45%.  Mass  Spectrum:  in/z  significant  peaks, 
[CuSe2CNCH3CH2C]  288,  [CuSc2CNCCH2CH2CH]  300,  [CuSc2CNCHCH2CH2CH2Cj  314. 

ln(S€2CNMe’*Hex)3  (4):  Yield  57%,  Elemental  analysis:  C24H4«N3Se6Tn.  Calculated:  C:  29.81, 

H:  4.96,  N:  4.35%.  Found:  C:  30.83,  H:  4.97,  N:  4.40%.  'H  NMR  (5,  CfA,,  300  MHz):  6  0  55  (t 
9H,  -NCH2CH2CH2CH2CH2C//3),  0.77  (m,  1 8H,  -CH2CH2CH2CH2CH2CH3),  1 .00  (m,  6H,  - 
NCH2Cf/2CH2CH2CH2CH3),  2.4  (s,  9H,  -NCf/.,),  2.9  (t,  6H,  -NC//2CH2CH2CH2CH2CH3). 

Ga(S2CNMe"H€x)3  (5):  Yield  68%  m.  p.  85  ‘’C,  Elemental  analysis:  C24H4sN3S6Ga  Calculated: 
C:  44.99,  H:  7.55,  N:  6.56%  Found:  C:  44.78,  H:  8.14,  N:  6.58%,  ‘H  NMR  (5,  C6D6,  300  MHz): 

5  0.92  (t,  9H,  -NCH2CH2CH2CH3CH2C//3),  1.18  (m,  18H,  -CH.CH2CH2CH2CH2CH3)  1  40  (m 
6H,  -NCH2C//2CH2CH2CH2CH3),  2.8  (s,  9H,  -NC«3),  3.4  (t,  6H,  -NCA/2CH2CH2CH2CH2CH3).’ 

Deposition  of  films  and  characterizations 

Aerosol  Assisted  Chemical  Vapour  Deposition  (AACVD):  Approximately  0.25g  of  precursor 
was  dissolved  in  30ml  Toluene  (orTHF)  in  the  round-bottomed  flask.  Six  glass  substrates  (1  x  2 
cm)  were  placed  inside  the  reactor  tube.  The  carrier  gas  flow  rate  was  controlled  by  Platon  flow 
gauges.  The  solution  in  the  flask  is  placed  in  a  water  bath  above  the  piezoelectric  modulator  of  a 
humidifier,  where  aerosol  droplets  are  generated  and  transferred  by  the  carrier  gas  into  a  hot-wall 
zone.  Then  both  the  solvent  and  the  precursor  evaporate  and  the  precursor  vapour  reaches  the 
heated  substrate  surface  where  thermally  induced  reactions  and  film  deposition  take  place.  This 
homemade  aerosol-a.ssisled  chemical  vapour  deposition  kit  consists  of  a  two-neck  flask,  a  PIFCO 
ultrasonic  humidifier  (Model  No,  1077)  and  a  CARBOLITE  furnace. 
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Film  characterizations:  X-ray  diffraction  studies  were  performed  using  Cu-A'crtadiation  on  a 
Philips  X’Pert  MPD  diffractometer.  The  sample  was  mounted  flat  and  scanned  from  20  -  80  °  in 
steps  of  0.04  °  with  a  count  time  of  2  s.  Samples  were  carbon  coated  before  electron  microscopic 
analysis.  All  EDS  and  electron  microscopy  was  then  carried  out  in  a  Jeol  Superprobe  733 
microscope. 

RESULTS  AND  DISCUSSION 
Copper  Indium  Sulfide  bv  AACVD 

Films  of  CuInSa  were  successfully  grown  on  glass  at  350  -  450  °C  by  AACVD.  It  is 
interesting  to  note  that  employing  AACVD  can  reduce  deposition  temperature  for  the  growth  of 
CuInS2  to  350  °C  as  compared  to  those  grown  by  LP-MOCVD,[15]  All  films  grown  using 
compounds  1  and  2(1:1  ratio)  gave  narrow  and  strong  peaks  in  the  X-ray  powder  diffraction  and 
show  characteristic  tetragonal  phase  of  CuInS2  (Fig.  1).  The  XRPD  patterns  of  the  films  grown  at 
various  growth  temperatures  show  a  preferred  orientation  along  the  (772)  plane  regardless  of 
growth  temperature.  EDS  analysis  of  films  grown  at  450  ”C  peaks  corresponding  to  Cu,  In  and  S 
and  ratio  was  found  to  be  close  to  1: 1 :2. 

SEM  analysis  for  the  as-deposited  CuInS2  films  on  glass  indicates  slightly  different  features 
in  terms  of  their  morphology  compared  to  those  grown  by  LP-MOCVD.  Films  grown  at  450  °C 
show  that  particles  are  formed  as  randomly  orientated  flakes  ca.  0.2  pm  thick  as  compared  to  the 
relatively  thick  width  {ca.  1  pm)  crystallites  grown  by  LP-MOCVD  and  particles  grown  by 
AACVD  are  laid  down  horizontally  on  the  glass  substrate.  Also  the  shape  of  particles  are  very 
similar  to  those  prepared  on  fused  silica  using  (Ph3P)2CuIn(SEt)4  by  spray  CVD.[8] 


I - , - - , - , . . 1 - 1 
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2-theta 


Fig.  1.  XRPD  patterns  of  CuInS2  on  glass  [using  compounds  1  and  2  by  AACVD  (temperatures 
indicate  growth  temperatures)]  and  SEM  images  of  the  films  grown  at  450  °C. 
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In  2  hour  growth,  films  were  found  to  be  ca.  1  ^ni  thick  with  0.5  )im/h  growth  rate.  At  lower 
growth  temperature  (350  C),  a  mixture  of  morphologies  can  be  seen.  Particle  size  is  found  to  be 
between  0.5  -  1.6  pm. 

Various  ratios  of  compounds  1  and  2  were  also  utilized  in  order  to  investigate  stoichiometric 
change  of  CuInS2  films.  XRPD  patterns  of  as-deposited  films  grown  with  different  ratios  show 
that  there  is  no  evidence  to  trace  any  by-products  such  as  indium  sulfide  or  copper  sulfide  and 
indicate  no  effect  on  .stoichiometry  of  CuInSi,  in  contrast  to  the  LP-MOCVD  work. 

Copper  Indium  Selenide  bv  AACVD 

CulnSe:  films  have  been  also  deposited  on  glass  using  compounds  3  and  4  by  AACVD.  In 
this  case,  only  a  1 :1  molar  ratio  of  compounds  3  and  4  was  used.  Films  were  grown  at  425  -  475 
”C  with  constant  argon  flow  rate  of  180  seem.  XRPD  analyses  (Fig.  2)  suggest  that  as-deposited 
films  have  tetragonal  phase  with  a  preferred  orientation  along  {IJ2)  direction  in  all  ca.ses. 

SEM  images  of  the  films  show  (Fig.  2)  that  the  deposited  layer  is  not  homogenous  and 
mainly  consist  of  several  different  shapes  of  particles  with  a  poor  coverage  at  lower  growth 
temperature  (425  "C).  The  heterogeneous  morphology  on  thin  film  layer  can  be  altered  by  using 
single  cry.sialline  suKstrates  such  as  InP(l  1 1)  and  Si(l  1 1)  which  may  lead  to  homogenous  growth 
process.  The  observation  of  homogenous  growth  was  found  in  the  LP-MOCVD  study.fl6] 

Copper  Gallium  Sulfide  by  AACVD 

In  the  growth  of  CuGaSi,  stoichiometric  amount  of  compounds  1  and  5  were  employed  and 
dissolved  in  THF  (30ml).  In  initial  experiments,  Cu/In  ratio  was  maintained  at  1:1  and  growth 
time  was  kept  constant  for  2  hours  ( 1 80  scem/flow  rate). 


Fig.  2.  XRPD  patterns  of  CuInSe2  films  on  glass  by  AACVD  and  SEM  images  of  CuInSe2  on 
glass  using  compounds  3  and  4  by  AACVD  [(a)  425  "C;  (b)  450  "C;  (c)  and  (d)  475  "CJ. 
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Fig.  3.  XRPD  patterns  of  CuGaS2  films  on  glass  by  AACVD  and  SEM  images  of  CuGaS2  on 
glass  using  compounds  1  and  5  by  AACVD  [(a)  300  "C;  (b)  400  (c)  and  (d)  450  “C]. 

XRPD  patterns  (Fig.  3)  show  that  deposited  films  by  AACVD  have  chalcopyrite  structure 
with  a  preferred  orientation  along  {112)  direction  (JCPDS  27-0279).  It  is  also  conclusive  that  at 
high  temperatures,  the  crystallinity  of  deposited  film  is  highly  indicated  by  the  sharpness  of 
peaks,  whilst  at  low  temperature  (350  '’C)  XRPD  pattern  exhibits  weak  reflections  indicating 
poorly  crystalline  films.  Similar  results  are  obtained  for  the  films  grown  at  lower  argon  flow  rate 
(120  seem). 

SEM  analysis  (Fig.  3)  shows  that  the  material  consists  of  clusters  of  randomly  orientated 
platelets  to  the  surface  for  films  grown  at  400  and  450  °C  (180  scem/flow  rate).  The  films 
deposited  are  dense  but  are  uneven.  Growth  rates  are  approximately  500  nmAi  for  films  grown  at 
350  °C  and  1  |xm/h  at  450  °C.  As  growth  temperature  decrease,  the  growth  of  CuGaS2  is 
significantly  reduced.  EDS  analysis  shows  films  are  slightly  copper  rich  with  Cu  30%,  Ga  24% 
and  S  46%.  However,  when  flow  rate  of  argon  as  a  carrier  gas  was  reduced  to  120  seem,  the 
clusters  formed  tended  to  be  denser  but  some  individual  platelets  can  also  be  seen.  In  2  hour 
growth  at  450  °C,  films  with  ca.  1.5  pm  thickness  were  deposited  on  the  glass  substrate  (growth 
rate,  ca.  0.75  pm/h).  EDS  elemental  atomic  percent  for  CuGaS2  films  was  found  to  be  29%,  23% 
and  48%  respectively. 

CONCLUSIONS 

The  results  described  herein  demonstrate  that  AACVD  using  organometallic  precursors 
results  in  stoichiometric  CuME2  (M  =  In  or  Ga,  E  =  S  or  Se)  films,  and  the  quality  (e.g. 
morphology  or  preferred  orientations)  of  films  are  dependent  on  experimental  parameters. 
Furthermore,  films  grown  on  glass  by  AACVD  show  similar  XRPD  patterns  regardless 
deposited  materials.  It  is  evident  that  the  AACVD  approach  leads  to  the  deposition  of  I-III-IV 
films  from  the  precursors  used  in  this  work.  As  a  result,  it  is  shown  to  be  that  a  series  of 
asymmetrical  alkyldithiocarbamate  metal  complexes  can  be  used  as  precursors  for  the  deposition 
of  I-III-VI  class  films  by  CVD  techniques. 


219 


ACKNOWLEDGEMENTS 


FOB  acknowledges  the  support  of  Sumitomo/STS  as  visiting  Professor  of  Materials 
Chemistry  at  Imperial  College,  London,  UK.  Authors  thank  the  EPSRC,  UK  for  the  grants  that 
have  made  this  research  possible. 


REFERENCES 

[  1  ]  O.  Igarashi,  J.  Cryst.  Growth  130,  343  ( 1 993). 

[2]  B.  Sagnes,  A.  Salesse,  M.  C.  Artaud,  S.  Duchemin,  J.  Bougnot  and  G.  Bougnot  J 
Cryst.  Growth  124,  620  (1992). 

[3]  F.  Ouchin,  P.  Gallon,  M.  C.  Artaud,  J.  Bougnot  and  S.  Duchemin,  Cryst.  Res.  Technol  3L 
5513(1996). 

[4]  P.  A.  Jones,  A.  D.  Jackson,  P.  D.  Lickiss,  R.  D.  Pilkington  and  R.  D.  Tomlinson,  Thin  Solid 
F//m.v238,4(1994). 

[5]  S.  Chichibu,  AppL  Phys.  Letter.  70,  1 840  ( 1 997). 

[6]  R.  Nomura,  Y .  Seki,  K.  Konishi  and  H.  Matsuda,  Appl,  Organomet.  Chem.  6,  685  (1992). 

[7]  R.  Nomura,  Y.  Seki  and  H.  Matsuda,  J.  Mater.  Chem.  2,  765  ( 1 992). 

[8]  J.  A.  Hollingsworth,  A.  F.  Hepp  and  W.  E,  Buhro,  Chem.  Vap.  Depo.sition  5,  105  (1999), 

[9]  M.  B.  Hursihouse,  M.  A.  Malik,  M.  Motevalli  and  P.  O’Brien,  J.  Mater  Chem  2  949 
(1992). 

[10]  M.  Motevalli,  P.  O’Brien,  J.  R.  Walsh  and  I.  M.  Watson,  Polyhedron  15,  2801  (1996),. 

[11]  P.  O’Brien,  J.  R.  Walsh,  I.  M.  Waston,  L.  Hart  and  S.  R.  P.  Silva,  .1.  Ciyst  Growth  167 
133  (1996). 

[12]  S.  W.  Haggata,  M.  A.  Malik,  M.  Motevalli,  P.  O’Brien  and  J.  C.  Knowles,  Chem  Mater  7 

716(1995).  ■  ’ 

[13]  M.  R.  Lazell,  P.  O’Brien,  D.  J.  Otway  and  J.  -H.  Park,  Chem.  Mater.  11,  3430  (1999). 

[  14]  P.  O’Brien,  D.  J.  Otway  and  J.  R  Walsh,  Chem.  Vap.  Deposition  3,  227  ( 1 997). 

[15]  P,  O’Brien,  D,  J.  Otway  and  J.  -H.  Park,  Unpublished  results. 

[16]  J.  McAleese,  P.  O’Brien  and  D.  J.  Otway,  Chemical  Vap.  Depo.sition  4,  94  (1998). 


220 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  692  ©  2002  Materials  Research  Society 


H6.11 


Comparison  of  AlGaAs  Oxidation  in  MBE  and  MOCVD  Grown  Samples* 

Y.  Chen.  A.  Roshko,  K.A.  Bertness,  National  Institute  of  Standards  and  Technology. 

D.W.  Readey,  Colorado  School  of  Mines. 

A.A.  Allerman,  Sandia  National  Laboratories. 

M.  Tan,  A.  Tandon,  Agilent  Technologies. 

ABSTRACT 

Simultaneous  wet-thermal  oxidation  of  MBE  and  MOCVD  grown  ALGai-xAs  layers 
(x  =  0.1  to  1.0)  showed  that  the  epitaxial  growth  method  does  not  influence  the  oxidation  rate. 
Nearly  identical  oxidation  depths  were  measured  for  samples  grown  by  both  techniques.  It 
was  found,  however,  that  the  oxidation  rate  is  very  sensitive  to  non-uniformities  in  the  A1 
concentration  in  the  ALGai-xAs  layers,  and  that  maintaining  consistent  and  uniform  A1 
concentrations  is  critical  to  achieving  reproducible  oxidation  rates.  The  study  also  showed 
that  the  oxidation  rate  was  not  affected  by  the  VAH  ratio  during  growth  nor  by  impurities  at 
concentrations  less  than  or  equal  to  10  ppm. 

INTRODUCTION 

Native  oxides  formed  by  wet-thermal  oxidation  of  ALGai-xAs  are  playing 
increasingly  important  roles  in  optoelectronic  devices  such  as  vertical  cavity  surface  emitting 
lasers  (VCSELs)  [1 , 2,  3].  They  are  also  being  considered  for  the  gate  material  in  field  effect 
transistors  (FET)  [4].  In  spite  of  the  growing  importance  of  these  native  oxides,  there  are 
several  issues  that  complicate  their  use,  including  mechanical  stability  and  fabrication 
reproducibility. 

The  multi-layers  for  VCSEL  devices  are  fabricated  by  molecular  beam  epitaxy 
(MBE)  [5,  6]  or  metal  organic  chemical  vapor  deposition  (MOCVD)  [7,  8].  The  MBE-grown 
AlGaAs  layers  are  sometimes  pseudo  or  digital  alloys,  rather  than  the  random  alloys  grown 
by  MOCVD.  Specifically,  the  MBE  layers  are  made  up  of  very  thin  (0.5  to  6  nm)  alternating 
layers  of  AlAs  and  AlGaAs  or  GaAs  rather  than  a  single  true  AlGaAs.  Other  differences 
between  these  growth  techniques  are  that  MBE  uses  solid  sources  for  growth  under  ultra  high 
vacuum,  while  MOCVD  uses  organic  precursors  at  pressures  close  to  ambient.  The  purpose 
of  this  study  is  to  investigate  how  these  two  growth  methods  and  different  growth  systems 
affect  the  wet-thermal  oxidation  of  AlGaAs.  The  effects  of  V/III  ratio  during  growth  and 
impurity  concentrations  on  the  oxidation  rate  are  also  reported. 

EXPERIMENTAL  PROCEDURES 

Three  labs  provided  four  specimens  for  the  study.  One  wafer  was  fabricated  by  MBE 
and  the  others  were  grown  by  MOCVD.  In  addition  to  the  already  mentioned  differences 
between  these  two  growth  techniques,  the  MBE  sample  was  grown  at  a  lower  temperature, 
600*^0,  and  at  a  slower  rate,  GaAs-0.18/AlAs-0.3/AlGaAs-0.52  nm/sec.  The  MOCVD 
samples  were  grown  at  720°C,  with  MOCVD  1  grown  at  1 .5  nm/sec,  MOCVD2  at  0.6 
nm/sec,  MOCVD3  at  1.0  and  1.5  nm/sec.  Three  of  the  wafers  had  nominally  identical 
structures  with  different  AlGaAs  layers  ranging  in  composition  from  90  %  A1  (A1.9oGa  loAs) 
to  100  %  (AlAs),  in  increments  of  2  %.  The  fourth  sample,  MOCVD3,  had  three  sets  of 
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layers  grown  with  V/III  ratios  of  90,  130  and  260.  This  sample  had  only  94,  96,  98  and  100 
%  AIGaAs  layers. 

Samples  cleaved  from  the  wafers  were  photolithographically  patterned  and  wet- 
chemically  etched,  with  H2S04:H202:H20  (6:1:40),  to  form  1 1  parallel  grooves  along  [Oil] 
exposing  the  AIGaAs  layers  for  oxidation.  Simultaneous  wet-thermal  oxidation  of  a  set  of 
samples  was  carried  out  at  460  "C  for  either  10  or  20  min.  Nitrogen  was  used  as  the  carrier 
gas  (2.5L/min)  bubbling  through  a  water  bath  maintained  at  75  ’’C.  After  oxidation  the 
samples  were  cleaved  and  the  oxide  depths  measured  with  scanning  electron  microscopy 
(SEM).  Some  difficult  measurements  were  verified  with  field  emission  SEM  (FESEM) 
imaging.  The  largest  variation  of  oxidation  depth  for  different  grooves  in  a  single  sample  was 
5  %.  Secondary  ion  mass  spectroscopy  (SIMS)  analysis  of  unoxidized  samples  was  used  to 
obtain  concentrations  of  potential  impurities,  as  well  as  to  compare  relative  A1  and  Ga 
concentrations. 

RESULTS  AND  DISCUSSION 
Oxidation  Results 

Figure  1  is  an  SEM  image  of  the  cleaved  edge  of  an  oxidized  sample.  The  arrows 
point  to  the  oxidized/unoxidized  interface  in  the  AIGaAs  layers.  The  measured  oxidation 
rates  for  samples  MBEl,  MOCVDl  and  MOCVD2  are  plotted  in  figure  2.  MBEl  and 


Figure  1.  Oxidation  front  indicated  by 
arrows  in  SEM  image.  Charging  at  the 
top  surface  made  measurement  near  the 
surface  difficult. 


Target  A1  Percentages 

Figure  2.  Oxidation  rate  for  wafers  grown  by 
MBE  and  MOCVD.  20  min  oxidation  at  460”C 
with  flow  rate  of  2.5L/min.  Lower  A1  composit¬ 
ion  layers  had  very  similar  oxidation  rates. 


MOCVDl  had  similar  oxidation  rates  from  90  to  98  %  Al,  and  the  rate  increased 
exponentially  with  Al  composition,  up  to  98  %.  The  oxidation  rates  for  90  to  98  %  Al  layers 
in  MOCVD2  were  much  higher  than  both  the  MBEl  and  MOCVDl  rates,  except  for  the 
AlAs  layer. 
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Oxidation  rates  found  for  90  to  98  %  A1  layers  in  MBEl  and  MOCVDl  are  in  the 
same  range  as  data  reported  previously  [7,9].  The  small  differences  in  oxidation  rates  are 
probably  due  to  the  differences  in  oxidation  process  parameters  such  as  oxidation  time, 
oxidation  temperature,  bubbler  temperature,  gas  flow  rate  and  AlGaAs  layer  thickness. 

Unlike  those  of  the  lower- Al-content  layers,  the  oxidation  rates  of  the  100  %  A1 
layers  vary  widely  and  are  quite  different  from  those  reported  by  other  labs.  The  oxidation 
rate  of  the  AlAs  layer  was  highest  in  sample  MBEl,  but  it  is  low  relative  to  an  extrapolated 
exponential  fit  to  the  data  for  lower  A1  concentrations.  In  MOCVDl  the  oxidation  rate  was 
the  same  for  the  98  and  100  %  A1  layers.  Most  unexpectedly,  the  oxidation  rate  of  the  AlAs 
layer  in  MOCVD  2  was  lower  than  the  rates  for  the  98,  96  and  94  %  Ai  layers.  These  results 
do  not  agree  with  previous  studies  where  the  oxidation  rate  increased  exponentially  with  Al 
composition  from  90  to  100  %  Al  [7,  10].  While  differences  in  the  oxidation  process  may 
account  for  some  of  this  variation,  it  is  difficult  to  understand  these  results. 

In  order  to  eliminate  potential  sources  of  variation,  the  samples  of  each  set  were 
processed,  etched  and  wet-thermally  oxidized  simultaneously.  The  oxide  depths  were  very 
reproducible,  with  mean  variations  of  less  than  2  %  for  multiple  samples  from  the  same 
wafer.  The  observed  variations,  therefore,  are  unlikely  to  have  been  caused  by  the  sample 
processing.  The  most  probable  cause  of  the  variations  is  in  the  materials  themselves  and  this 
likely  results  from  the  growth  process.  To  investigate  this,  the  V/IH  ratio,  impurities  and 
Al/Ga  concentrations  have  been  studied. 

V/III  Ratio  Study 

V/in  ratio  affects  defect  formation  in  epitaxial  material,  and  diffusion  in  AlGaAs  can 
be  influenced  by  defect  concentration  [11, 12].  Therefore,  V/III  ratio  could  affect  the  wet 
oxidation  rate  since  the  oxidation  process  is  a  combination  of  diffusion  and  surface  reactions. 
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Figure  3.  Dependence  of  oxidation  rate  on 
V/III  ratio  for  Al.98Ga.02As,  460"C,  2.5 
L/min,  for  10  min  and  20  min.  No  obvious 
correlation  is  evident  exists  between  V/III 
ratio  and  oxidation  rate. 


Figure  4.  Oxygen  impurity  concentration  did  not 
affect  the  oxidation  rate  when  impurity  levels 
were  less  than  or  equal  to  10  ppm.  Arrows 
indicate  the  same  Al%  for  different  V/III  ratios. 
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Wafer  M0CVD3  was  grown  with  three  different  V/III  ratios  to  study  the  effect  of  V/III  ratio 
on  the  oxidation  rate.  Figure  3  shows  that  the  oxidation  rate  does  not  depend  on  the  V/III 
ratio. 


Impurity  Analysis 


Impurities  may  be  incorporated  in  the  wafers  from  background  leycls  in  the  growth 
chamber  or  from  the  source  materials.  Oxygen  and  hydrogen  are  known  to  affect  the 
oxidation  process  [13,  14],  so  their  presence  in  the  wafer  as  impurities  may  affect  the 
oxidation  rate.  Low  V/lII  ratios  during  growth  arc  known  to  increase  impurity  concentrations 
m  AlGaAs  layers[15].  SIMS  analysis  was  used  to  obtain  the  concentrations  of  O,  H,  C  and  Si 
in  the  un-oxidized  wafers.  The  analysis  confirmed  that  the  impurity  concentrations  decreased 
with  increasing  V/III  ratio  (see  Figure  4)  and  showed  that,  for  all  of  the  samples,  the  impurity 
concentrations  were  less  than  or  equal  to  10  ppm.  Figure  4  shows  that  the  oxygen  impurity 
did  not  affect  the  oxidation  rate.  The  rate  was  independent  of  the  other  impurities  studied  as 
well. 


A1  and  Ga  Concentrations 

SIMS  analysis  was  also  used  to  examine  the  A1  and  Ga  concentrations  in  the  un¬ 
oxidized  wafers.  Depth  profiles  for  MBEl  and  MOCVDl  are  shown  in  Figure  5.  Both  of 
these  samples  had  uniform  AI  concentrations  within  each  AlGaAs  layer  and  the  peak  A1 
concentration  matched  the  designed  concentration.  Howeyer,  there  was  a  spike  in  Al 
concentration  in  one  of  the  96  %  AlGaAs  layers  in  MBEl.  That  layer  had  a  faster  oxidation 
rate  than  the  other  96  %  layers  in  MBEl  (see  Figure  2).  From  the  SIMS  analysis,  the 
measured  peak  Al  concentration  for  this  particular  “96  %”  layer  was  actually  97.5  %,  which 
is  consistent  with  the  faster  oxidation  rate  measured  for  that  layer. 


98%  98%  96%  100%  96%  92%  9^  92%  98%  94%  90% 


Figure  5  SIMS  analysis  showing  uniform  layer  structure  and  Al  concentration,  in  all 
but  one  96  %  layer  in  MBE 1 . 

Non-uniformity  in  Al  concentration  was  obseryed  in  almost  all  of  the  AlGaAs  layers 
in  MOCVD2  (see  Figure  6).  Most  of  the  layers  had  a  thin  region  with  an  Al  content 
considerably  higher  than  that  of  the  rest  of  the  layer  and  higher  than  the  designed  AI 
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98%  98%  96%  100%  96%  92%  96%  92%  98%  94%  90% 


Depth  (um)  | - MOCVD  2 


Figure  6.  SIMS  analysis  showing  MOCVD  2  has  non-uniformity  in  A1  concentration 
in  AlGaAs  layers. 

concentration.  This  probably  resulted  from  mass  flow  controller  overshoot  at  the  initiation  of 
the  layer  growth.  The  oxidation  rates  for  MOCVD2  were  approximately  twice  as  fast  as  the 
rates  for  MBE1  and  MOCVD  1  (see  Figure  2).  As  shown  in  Figure  7,  this  rapid  oxidation 
occurred  in  the  thin  region  with  high  A1  content.  Oxidation  rates  reported  in  this  paper  were 
measured  with  reference  to  the  section  of  the  oxidation  front  that  propagated  the  farthest. 
Figure  8  is  a  plot  of  the  oxidation  rates  as  a  function  of  the  peak  A1  compositions 


Figure  7.  FESEM  of  MOCVD  2  showing 
propagation  of  the  oxidation  front  through 
the  sub-layer  having  elevated  A1 
concentration. 
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SIMS.  Arrows  indicate  actual  A1  concentrations 
higher  than  measured  by  SIMS,  see  text. 
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determined  from  the  SIMS  analysis.  The  actual  peak  A1  concentrations  for  MOCVD2  and  the 
non-uniform  96  %  A1  layer  in  MBEl  are  expected  to  be  higher  than  the  data  measured  by 
SIMS,  as  indicated  with  arrows.  This  is  because  intermixing  and  surface  roughness  created 
by  sputtering  during  SIMS  will  both  decrease  the  maximum  A1  concentration  measured  in 
the  thin,  high  A1  content  regions.  However,  the  extent  of  this  effect  is  not  certain.  This  new 
information  about  the  actual  layer  compositions  shows  that  the  oxidation  rates  of  the  90  to  98 
%  A1  layers  for  all  three  samples  are  in  reasonable  agreement,  considering  the  non¬ 
uniformities  in  MOCVD2.  The  cause  of  the  variation  in  the  rates  for  AlAs  has  yet  to  be 
found;  however,  experiments  arc  underway  to  investigate  this. 

SUMMARY 

In  summary,  it  was  shown  that  the  epitaxial  growth  method  (MBE  vs.  MOCVD)  did 
not  affect  the  wet-thermal  oxidation  rate  of  AhCai.^As  for  x  =  0.90  to  0.98.  It  was  also  found 
that  the  V/III  ratio,  for  relatively  clean  systems,  and  impurity  levels  below  10  ppm  did  not 
affect  the  oxidation  rate.  Apparent  differences  between  samples  were  found  to  result  from 
compositional  non-uniformities  in  the  AlGaAs  layers.  These  results  emphasize  the 
importance  of  having  precise  control  of  the  A1  concentration  in  AUGai.,As  layers  so  that 
reproducible  oxidation  rates  can  be  achieved. 
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ABSTRACT 

The  dependence  of  the  hole  density  on  that  of  Mn  sites  in  Gai.xMnxAs  is  studied  within  a 
mean-field  approach  to  the  hole-mediated  ferromagnetism  in  III-V  Mn-based  semiconductor 
compounds.  We  parametrize  the  hole  concentration,  p,  as  a  function  of  the  fraction  of  Mn  sites,  x, 
in  terms  of  the  product  m*  (Jpd)^  (where  m*  is  the  hole  effective  mass  and  Jpj  is  the  Kondo-like 
hole/local-moment  coupling),  and  the  critical  temperature  Tg.  By  fitting  m'  (Jpd)"  to  experimental 
data  for  Tc(x),  we  establish  the  dependence  of  p  on  x,  which  is  interpreted  in  terms  of  a  reentrant 
metal-insulator  transition  taking  place  in  the  hole  gas. 


INTRODUCTION 

The  discovery  in  the  early  i990's  of  ferromagnetism  in  III-V  materials  alloyed  with  transition 
elements  like  Mn  [1 ,2]  has  increased  the  interest  in  the  study  of  the  electronic,  optical  and 
transport  properties  of  diluted  magnetic  semiconductors  (DMS).  Ferromagnetic  semiconductors 
bring  about  the  possibility  of  controlling  both  spin  and  charge  degrees  of  freedom.  The 
combination  of  this  feature  with  the  capability  of  growing  low-dimensional  structures  has  opened 
up  new  perspectives  for  the  production  of  spintronic  devices.  Applications  would  include  non¬ 
volatile  memory  systems  [3]  and  quantum  computing  [4]. 

A  great  deal  of  attention  has  been  focused  on  Gai.xMnxAs  alloys,  which  exhibit  very 
interesting  magnetic  and  transport  properties.  When  Mn  atoms  replace  Ga  in  GaAs,  their  five  3d 
electrons  remain  localized  in  a  core  state,  giving  rise  to  S  =  5/2  local  moments.  In  addition,  Mn 
atoms  have  one  less  electron  in  the  4s  level  than  Ga,  so  they  act  as  acceptors  generating  hole 
states  in  the  material;  for  large  enough  doping,  these  states  merge  to  form  an  impurity  band.  It 
should  be  pointed  out  that  the  equilibrium  solubility  of  Mn  atoms  in  GaAs  is  quite  low  [5],  being 
only  of  the  order  of  lO'*^  cm'\  However,  with  help  of  molecular-beam  epitaxy  techniques  at  low 
temperatures,  it  has  been  possible  to  produce  homogeneous  samples  of  Gai.xMnxAs  with  x  as  high 
as  0.071.  Magnetization  measurements  in  these  systems  show  that  for  0.015  <  x  <  0,071  they 
become  ferromagnetic,  with  doping-dependent  critical  temperatures  Tc(x)  reaching  a  maximum  of 
1 10  K  for  X  =  0.053  [6]. 

The  origin  of  ferromagnetic  order  in  these  materials  is  not  fully  understood,  but  there  exists 
consensus  on  the  fact  that  it  results  from  the  exchange  coupling  between  the  localized  Mn 
moments  mediated  by  the  holes.  The  strength  of  the  of  the  coupling  is  expected  to  depend  on  the 
hole  concentration  p,  which  eventually  determines  the  Curie  temperature  Tc(x),  In  principle,  one 
would  expect  that  each  Mn  would  provide  one  hole,  leading  to  a  density  of  holes  equal  to  that  of 
the  magnetic  ions.  However,  this  has  not  been  confirmed  by  experiment.  Although  an  accurate 
determination  of  the  hole  concentration  is  hindered  by  the  anomalous  Hall  term,  experimental  data 
indicate  that  p  is  of  the  order  of  a  15  to  30  %  fraction  of  that  of  magnetic  ions  [6-9].  The 
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mechanism  responsible  for  the  discrepancy  between  hole  and  Mn  densities  is  not  clear.  Matsukura 
et  al  [7]  have  pointed  out  that  such  discrepancy  might  be  due  to  compensation  of  Mn  acceptors  by 
deep  donors  such  as  As  antisites,  which  are  known  to  be  present  at  high  concentration  in  low- 
temperature  grown  GaAs  [10].  However,  other  mechanisms  such  as  the  formation  of  sixfold- 
coordinated  centers  with  As  (Mn'’'^'),  which  would  compensate  Mn  atoms  on  substitutional  Ga 
lattice  sites  [11],  should  not  be  ruled  out.  As  a  consequence,  no  theory  relating  the  hole 
concentration  and  that  of  Mn  has  as  yet  been  proposed.  However,  this  issue  is  of  great  interest  for 
the  design  of  new  devices.  The  main  purpose  of  the  present  work  is  to  present  a  preliminary 
quantitative  analysis  on  this  matter. 


THEORETICAL  FRAMEWORK 

The  appearance  of  ferromagnetism  in  Gai.^Mn^As  has  been  explained  on  the  basis  of  the 
following  picture.  The  Mn  ions  interact  with  the  holes  via  a  local  antiferromagnetic  Kondo-like 
exchange  coupling  Jpj  between  their  moments  [9,12-15],  which  results  in  the  polarization  of  the 
hole  subsystem;  this,  in  turn,  gives  rise  to  an  effective  ferromagnetic  coupling  between  the  Mn 
moments.  We  point  out  that  there  has  been  some  debate  as  far  as  the  details  of  the  above  picture 
are  concerned  (e.g.,  whether  or  not  such  effective  interaction  is  well  described  by  an  RKKY  term 
[16,17]).  Nevertheless,  there  is  consensus  on  the  fundamental  role  played  by  the  hole-mediated 
mechanism.  We  emphasize,  however,  that  the  approach  we  follow  here  does  not  depend  on  the 
details  of  the  effective  Mn-Mn  interaction. 

We  can  thus  think  of  two  coupled  subsystems  (localized  moments  and  holes)  as  described  by 
the  total  Hamiltonian 

H  =  H„„  +  H„+J^2;S,.s,5(r,-R,).  (I) 

i.I 

Here  Hwn  describes  the  direct  (i.e.,  non-hole-mediated)  antiferromagnetic  exchange  between  Mn 
spins,  Hh  describes  the  hole  subsystem,  and  the  last  term  corresponds  to  the  aforementioned  Mn- 
hole  exchange  interaction,  with  Si  and  Si  labeling  the  localized  Mn  spins  (S  =  5/2)  and  the  hole 
spins  (s  =  1/2),  respectively.  As  a  first  approach,  we  neglect  Hm,,  and  consider  Hh  within  a 
parabolic-band  effective-mass  approximation;  a  more  general  description  of  Hi,  may  include  a 
multi-band  Kohn-Luttinger  treatment  [9,1 8],  effects  of  impurity  potentials,  a  site  energy  term 
arising  from  the  Mn  potential,  and  a  correlation  energy  representing  hole-hole  repulsion. 

The  problem  defined  by  the  Hamiltonian  in  Eq.  (1)  is  Indeed  quite  complex,  but  some 
physical  insight  can  be  gained  by  a  mean-field  approach.  Assuming  that  the  magnetization  density 
of  the  hole  subsystem.  Mi,  =  <  nr  -  nj,  >,  is  uniform  within  the  length  scale  of  magnetic 
interactions,  the  Mn  magnetization  is  given  by 


M  =  N^,„gp,M,  =nM„gp„SB, 


' 

pd 

(2) 


where  Um,,  =  x  n  Js  the  density  of  Mn  ions,  with  n,  being  the  density  of  Ga  lattice  sites,  M|  is  the 
magnetization  density  of  the  Mn  ions,  g  =  2  is  the  Mn  Landd  g  -  factor,  and  B,s  is  the  Brillouin 


228 


function.  The  assumption  of  homogeneity  of  the  hole  magnetization  allows  us  to  evaluate  self- 
consistently  by  considering  a  Fermi  sea  of  holes  with  effective  mass  m*,  in  the  presence  of  the 
mean  magnetic  field  generated  by  the  Mn  ions.  We  therefore  find  that 

M,  «m*'Jpj  xMj  (3) 


RESULTS  AND  DISCUSSION 

The  critical  temperature  as  a  function  of  hole  density  and  Mn  composition  is  obtained  by 
linearizing  the  self-consistency  relations  given  by  Eqs.  (2)  and  (3),  i.e., 


which  leads  one  to  write  the  hole  concentration  as 


P-G- 


T,(x) 


(m*/mJjJjX 


(5) 


where  ^  -  5.29  x  10  in  units  such  that  Jpd  is  given  in  eV  nm^. 

The  sought-after  relation  between  p  and  x  is  provided  by  Eq.  (5).  However,  it  depends  on  the 
parameters  m  and  Jpd,  whose  values  have  not  been  determined  with  certainty  from  the 
experimental  data.  If  one  tentatively  uses  m*  =  me,  J  =  0.15  eVnm^  [14],  and  the  experimental 
transport  data  [6]  for  Tc ,  the  resulting  estimates  for  p(x)  are  as  given  by  the  full  circles  in  Fig.  1. 
The  error  bars  reflect  the  uncertainties  in  the  determination  of  Tc,  as  displayed  in  Fig.  3(c)  of  Ref. 
6.  Nevertheless,  a  more  reliable  estimate  can  be  obtained  by  adopting  the  following  strategy. 

Since  the  Hall  resistance  measurements  [19]  yield  an  unambiguous  [20]  value  of  p  =  3.5  x  lO^'^ 
cm  for  the  sample  with  x  =  0.053,  for  which  Tc  =  1 10  K,  one  may  use  Eq.  (5)  to  determine  the 
value  of  the  product  (m  /me)  (Jpd)  =  2.4  x  10  “  (eV  nm^)^.  Thus,  by  taking  this  estimated  value 
along  with  the  experimental  data  [6]  for  Tc  into  Eq.  (5),  one  gets  the  data  for  p(x)  shown  as  fiiU 
squares  over  a  wide  range  of  x.  The  adequacy  of  the  above  procedure  is  confirmed  by  the  fact  that 
the  calculated  values  for  p(x)  lie  below  the  concentration  of  Mn  ions,  shown  as  a  dotted  line,  in 
agreement  with  experiment.  Before  accepting  these  estimates  for  p(x)  at  face  value,  one  should 
note  that  a  closer  look  at  the  experimental  data  for  Tc(x)  [6]  suggests  a  linear  behavior  in  the 
range  of  x  of  the  order  0.015  -  0.035,  which  would  imply,  through  Eq.  (4),  a  constant  p  in  that 
range;  such  constant  behavior,  however,  should  not  prevail  at  low  concentrations,  x  -=►  0,  where 
presumably  one  should  have  p  oc  x  — »  0.  These  considerations  are  incorporated  in  the  full  curves 
displayed  in  Fig.l,  which  lie  within  the  corresponding  error  bars  of  the  calculated  hole 
concentrations. 

The  boundaries  of  the  metal-insulator  transitions  (MIT’s),  as  determined  from  resistivity 
measurements  [6],  are  indicated  in  Fig.  1  by  vertical  dashed  lines.  We  remark  that  the  present 
theoretical  estimates  for  p  in  the  insulating  phases  are  based  on  the  assumption  that  the  scale 
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X 

Figure  1.  Theoretical  results  for  the  hole  concentration  as  a  function  of  the  fraction  of  Mn  sites 
for  (Ga,Mn)As  ferromagnetic  alloys.  The  dashed  line  corresponds  to  a  hole  concentration  equal  to 
that  of  Mn  sites,  whereas  the  filled  eircles  and  squares  are  the  present  mean-field  results.  Full 
curves  are  obtained  as  reasoned  in  the  text.  I  and  M  respectively  denote  insulating  and  metallic 
phases. 

of  localization  length  in  insulating  samples,  though  finite,  is  significantly  larger  than  the  length  of 
magnetic  interactions  [9],  in  which  case  the  present  mean-field  approach  is  a  good  starting  point. 

The  most  prominent  feature  of  Fig.  1  is  the  fact  that  p(x)  displays  a  maximum  within  the 
metallic  phase.  It  means  that  attempts  to  increase  Tc  should  be  carried  out  for  samples  in  the 
metallic  phase,  for  Mn  concentrations  about  0.05.  Moreover,  notwithstanding  the  considerable 
uncertainties  [21]  in  the  measurements  of  p,  the  present  theoretical  estimates  for  the  hole 
concentration  exhibit  trends  in  quite  good  agreement  with  those  obtained  from  Hall  measurements 
by  Matsukura  et  al  [7]. 

The  fact  that  the  dependence  of  p  with  x  is  essentially  related  to  the  occurrence  of  MIT’s 
taking  place  in  the  hole  subsystem  can  be  seen  from  the  following  qualitative  picture.  Within  our 
approximation,  the  Fermi  energy  tracks  the  behavior  of  p,  since  Er  a  p''^,  while  the  exchange 
splitting  A  a  X.  Figure  2(a)  shows  the  schematic  impurity  bands  for  each  spin  channel,  in  the  very- 
low  doping  regime  in  which  the  gas  is  supposed  to  be  unpolarized.  As  x  increases,  the  gas  can 
sustain  polarization  and  still  be  insulating,  provided  the  Fermi  energy  lies  below  the  mobility  edge, 
as  shown  in  Fig.  2(b).  Further  increa.se  in  x  causes  Er  to  increase  and  to  lie  within  the  delocalized 
states  of  the  up-spin  impurity  band,  as  depicted  in  Fig.  2(c):  The  system  becomes  metallic. 
Whether  or  not  the  Fermi  energy  also  lies  within  the  delocalized  region  of  the  down-spin  impurity 
band  is  a  very  interesting  question,  which  cannot  be  answered  by  our  simple  model;  the  solution 
of  this  particular  issue  should  have  bearings  on  the  efficiency  of  Gai.x  Mn,As  -  based  devices  as 
spin  filters.  Once  Ef  reaches  a  maximum  within  the  metallic  phase,  its  initial  decrease  upon 
increasing  x  is  compensated  by  an  increase  in  A,  so  that  the  Fermi  level  still  lies  within  the 
delocalized  states.  However,  with  continuing  increase  in  x  the  exchange  splitting  can  no  longer 
make  up  for  the  decrease  in  Ek,  and  the  latter  eventually  crosses  the  mobility  edge  again,  lying 
within  localized  states  [Fig.  2(d)]:  The  system  reenters  an  insulating  phase. 

The  simple  approach  used  in  the  present  work  provides  a  straightforward  and  immediate 
estimate  of  the  hole  concentration  in  Gaj.^  Mn^As  as  a  function  of  both  x  and  Tc  [22],  which  is  an 
important  ingredient  to  guide  further  experimental  work  on  this  subject.  Clearly,  the  present 
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approach  could  be  extended  to  include  a  more  complete  description  of  the  acceptor  states,  taking 
into  account  the  spin  degrees  of  freedom,  spin-orbit  coupling,  compressive/tensile  strains,  etc. 
Moreover,  a  proper  treatment  of  disorder  —  e.g.,  by  explicitly  considering  a  random,  instead  of 
continuous,  distribution  of  Mn  ions  --  should  lead  to  a  more  reahstic  description  of  the  MIT.  In 
this  respect,  many-body  effects  due  to  correlation  among  the  holes  should  also  influence  p(x), 
especially  in  the  insulating  phase.  Of  course,  an  appropriate  description  of  the  physical 
mechanisms  related  to  As  antisites  and  Mn^"^^  centers,  as  far  as  the  hole  vs.  Mn  concentrations  is 
concerned,  is  certainly  a  formidable  task,  which  nonetheless  deserves  future  theoretical  attention. 

In  summary,  we  have  considered  a  mean-field  theory  for  the  hole-mediated  coupling  between 
the  localized  Mn  moments  in  Gai.xMnxAs.  The  hole  concentration  as  a  function  of  the  fraction  of 
Mn  sites  is  obtained  in  terms  of  the  product  m*(Jpd)^  and  the  critical  temperature  Tc.  By  using 
experimental  data  for  these  latter  quantities,  we  have  established  that  the  occurrence  of  a  reentrant 
MIT  taking  place  in  the  hole  gas  can  be  traced  back  to  the  dependence  of  the  hole  concentration 
with  X.  Although  not  shown  here,  we  have  also  calculated  the  dependence  of  the  Mn 
magnetization  with  x,  for  different  temperatures,  and  found  that  as  T  increases,  the  width  of  the 
composition-dependent  magnetization  decreases  drammaticaUy,  and  that  the  magnetization 
maxima  also  decreases,  indicating  the  need  for  quality-control  of  Mn  doping  composition  in  DMS 
devices. 
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Figure  2.  Schematic  density  of  states  (DOS)  versus  energy  for  the  impurity  band,  for  up-  (top) 
and  down-spins  (bottom).  Under  each  DOS  curve,  the  hashed  and  empty  regions  correspond, 
respectively,  to  delocalized  and  localized  states;  these  are  separated  by  mobility  edges.  The 
exchange  splitting  is  proportional  to  the  off-set  between  the  T  and  i  bands,  and  the  Fermi  energy 
(Ef)  increases  to  the  right. 
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ABSTRACT 

Erbium  (Er)  ions  were  implanted  into  4H  and  6H  silicon  carbide  (SiC).  The 
temperature-dependent  photoluminescence  (PL)  and  PL  lifetime  were 
characterized.  The  optimum  annealing  temperature  for  SiC  :  Er  were  1600  "C.  PL 
intensity  decreased  at  1700  °C,  and  the  bandedge  luminescence  changed  in 
relation  to  the  luminescence  of  Er^+  Thermal  quenching  of  the  luminescence  of 
Er3+  was  suppressed  by  using  SiC  with  a  wide  band  gap  as  a  host  material.  The 
Er3+-pL  was  observed  at  room  temperature  (RT).  We  monitored  the  auger  effect 
that  is  believed  to  be  the  main  cause  of  the  thermal  quenching  process  and 
concluded  that,  in  the  temperature  range  15  K  to  70  K,  the  thermal  quenching 
process  has  a  close  relation  to  nonradiative  recombination  from  the  first  excited 
state  (ffi3/2)  to  the  ground  state  (^115/2)  of  Er^^. 

INTRODUCTION 

An  Erbium  (Er)-doped  semiconductor  is  a  potentially  useful  material  for 
light-emitting  devices  in  optical  communication  systems,  since  the  intra-4f-shell 
transitions  of  Er  ions  cause  sharp  and  temperature-stable  luminescence  in  various 
host  materials  [1],  [2]  at  1.54  Atm,  which  corresponds  to  the  minimum  absorption 
of  silica-based  optical  fibers. 

Photoluminescence  (PL)  fi^om  Er^  in  Er-doped  narrow  band  gap  semiconductors 
[e.g.,  sihcon  (Si)]  has  been  reported  [3]-[7],  but  the  PL  is  weak  and  difficult  to 
observe  at  room  temperature  (RT).  One  of  the  reasons  for  difficulties  in  obtaining 
the  Er3+-PL  at  RT  is  the  low  level  of  probability  of  Er  excitation  via  recombination 
of  free  carriers,  as  has  been  theoretically  explained  by  Needles  et  al.  [8]. 

However,  an  increase  of  Er3+  luminescence  could  be  realized  by  the  introduction 
of  light  impurities,  such  as  C,  N,  and  O,  and  by  using  a  wide  band-gap  material  as 
a  host  material.  The  influence  of  the  introduction  of  light  elements  on  Er3+ 
luminescence  in  Si-  Er  and  GaP  :  Er  was  studied  by  us  using  standard  PL  and 
photoluminescence  excitation  (PLE)  techniques  [1],  [2].  We  proposed  that  light 
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elements  form  complexes  with  the  Er  atoms  and  an  efficient  excitation  of 
occurs  via  a  recombination  of  the  electron'hole  (ch)  pair,  where  one  of  the  carriers 
located  at  Er-complex-related  deep  levels  in  the  forbidden-gap  [1],  [2], 

Silicon  carbide  (SiC),  anticipated  to  be  a  useful  material  for  high-temperature 
applications,  is  a  veiy  useful  host  material  because  it  has  a  wide  band  gap  and 
improves  the  luminescence  properties  of  the  Er^''  ions  [9]-[l  2].  The  aim  of  this  work 
is,  therefore,  to  investigate  the  effect  of  a  wide  band-gap  host  material  on  Er^+ 
luminescence.  We  use  4H  and  6H-SiC  as  host  materials. 

EXPERIMENT 

The  wafers  used  in  this  work,  which  are  single  crystal  SiC  wafer  produced  by 
Lely  method,  (obtained  from  Cree  Research,  Inc.'}  were  nitrogen  doped  hexagonal 
polyt>^pes  4H  and  6H*SiC.  The  orientation  of  the  wafer  flat  is  <1120>  direction.  The 
n-type  wafer  is  uniformly  predoped  with  nitrogen.  ^Fhe  polished  side,  terminated 
with  Si,  is  used  for  the  implantation.  Er  implantation  was  carried  out  at  2  MeV 
with  doses  of  1 X  10^‘*cm'2  at  RT.  The  projected  range  (R,,)  and  straggling  (zlRp)  for 
the  Er  implant  profile  were  calculated  by  TRIM  to  be  505.1  and  78.8  nm, 
respectively.  In  order  to  be  compared  with  SiC^Er,  Ytterbium  (Yb)  ions  were 
implanted  into  4H-SiC.  Yb  implantation  was  carried  out  at  2MeV  with  doses  of  1 X 
10‘'^cm'2at  RT.  The  projected  range  for  the  implanted  Yb  ions  was  almost  the  same 
as  that  for  the  Er  ions.  We  held  their  samples  on  carbon  plate  using  a  quartz 
sample  holder  in  the  rapid  thermal  annealing  apparatus  (RTA).  The  samples  were 
annealed  at  temperatures  ranging  from  1400  to  1700  ”C  for  40  min  in  a  pure 
argon  (Ar)  atmosphere  (purity:99.999%)  using  a  halogen  flash  lamp.  The  heating 
and  cooling  rates  were  7.1  X^/s.  Before  annealing,  the  apparatus  was  pumped 
down  to  a  base  pressure  of  5X  10^>  Torr  before  Ar  gas  was  fed  into  the  vacuum 
chamber.  Samples  were  placed  into  a  closed-cycle  helium  gas  cryostat  and  were 
held  at  temperatures  ranging  from  15  to  300  K.  PL  was  excited  using  the  325-nm 
line  of  a  mechanically  chopped  helium-cadmium  (He-Cd)  laser.  The  penetration 
depth  of  the  He-Cd  laser  (325  nm)  for  SiC  was  approximately  520  nm.  This  depth 
value  was  calculated  from  published  absorption  coefficient  data  [13].  The  PL 
spectrum  was  recorded  in  a  standard  lock-in  configuration  using  a  1-m  double 
monochromator,  and  a  InGaAs  photomulutiplier  {Hamamatsu  Photonics 
R5509-72). 
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Fig.  1  The  temperature  dependence  of  the 
Er^^~related  PL  spectra  of  4H-SiC:Er 


RESULT  and  DISCUSSION 

Figure.  1  shows  greater  detail  of  the 
evolution  of  the  Er  spectra  in  4H-SiC:Er 
as  warming  up  the  sample  from  15  K  to 
R.T..  Several  peaks  were  observed  at 
around  1.5  At  m  and  the  dominant  peak  is 
located  at  1534.0  nm.  For  the  hexagonal 
polytypes  4H-SiC  and  6H-SiC,  the  15  K 
spectrum  is  very  similar  with  a  dominant 
line  at  1534.0  nm  and  12  peaks  or  other 
small  peaks.  In  order  to  optimize  the 
luminescence  intensity  of  Er^+,  we 
investigated  its  annealing  temperature 
dependence.  As  to  the  Er-related  PL 
spectra  of  SiC^Er  for  different  annealing 
temperatures,  from  1400  “C  to  1600  “C, 
the  shape  of  Er-related  spectra  became 
sharp  and  the  PL  intensities  increased 
on  increasing  the  annealing  temperature. 

Both  PL  intensities  in  the  sample  annealed  at  1700  °C  decreased  as  compared 
with  those  of  the  sample  annealed  at  1600  °C.  It  has  been  reported  that  a  layer  of 
carbon  (C)  is  formed  on  the  sample  surface  by  the  sublimation  of  Si  atoms  at  or 
above  1500  °C[l4],  [15].  At  15  K  there  is  13  peaks  visible  at  higher  energy  than  the 
peak(l)  at  1515.2  nm.  2  peaks  [(a),  (b)]  were  seen  at  40K,  and  peak(d)  was  seen  at 
160K  After  all,  at  300  K  we  have  sprouted  3  peaks  at  higher  energies  of  which 
were  actually  larger  than  the  original  peak(l)  at  1515.2  nm.  Er3+-related  PL  was 
observed  at  R.T.  by  using  SiC  with  a  wide  band  gap  as  a  host  material.  These  data 
strongly  suggest  that  at  each  temperature  we  are  seeing  transitions  from  excited 
states  of  the  crystal  field  spin  orbit  levels  of  Er^'^,  ‘^Ii3/2^^Ii5/2. 

Figure.2  shows  the  temperature  dependence  of  the  Er^+-related  PL  intensity  at 
the  dominant  peak(5)  of  wavelength  1534.0  nm  in  SiC^Er.  In  Fig.2  the 
experimental  data  were  plotted  along  with  the  theoretical  (solid  line)  based  on  eq.l 
[16]  using  the  parameters  (Ci,  C2,  C3,  Ei,  E2,  E^  shown  in  Table  1. 

I(T)-Io/(H-Ciexp(-Ei/kT)-hC2exp(-E2/kT)-tC3(-E;3d?:T))  (l) 
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15'-70K 

Cl 

El  (meV) 

4 

8 

70'-160K 

C2 

E2  (meV) 

9.5 

40 

160~300K 

Ca 

E:j  (meV) 

100 

100 

Table  1.  Fitting  parameter  for  dominant 
peak  of  SiC-Er  used  in  eg.  1 

In  the  above  equation  L,  is  the 
intensity  at  which  the  electron 
emission  from  the  Er^*related  trap 
can  be  neglected.  Hence  it 
corresponds  to  the  intensity  at  a  very 
low  temperature.  T  is  temperature, 
E}  and  E2  are  the  activation  energies, 
and  k  is  the  Boltzmann  constant  Ci, 
C2  and  C3  are  the  coupling 
coefficients  at  Ei,  E2  and  Es 
respectively.  The  experimental  data 
well  fitted  by  eq(l).  Peak(3),  (4)  and 
(12)  were  not  able  to  do  the  fitting 
because  the  luminescence  strength 
increased  with  the  rise  of 
measurement  temperature.  TabJel 
shows  the  activation  energy  (E/,  E2 
and  Es)  and  fitting  parameter  (C;,  C2 
and  Cs). 

Figures  shows  dominant  peak(5) 
has  different  behavior  for 
temperature  dependence  compared 
with  other  peak.  Therefore  it  is  clear 


Fig.2  The  temperature  dependence  of  the 
Er*-related  PL  intensity  at  each  peak 
of  4H-SiC:Er  with  fitting 


Fig.3  The  temperature  dependence  of  the 
Er  -related  PL  intensity  at  each  peak 
of4H-SiC:Er 


that  there  are  at  least  two  thermal  quenching  processes.  We  can’t  say  for  certain 
whether  Er  atoms  occupy  the  Si  or  C  sites.  It  may  be  that  Er  atoms  occupy 
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E  :  (1)992.4nm  , 

I  ■  (2)997.8nm 
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■  (5)101 3.4nm 

,  (int.)  Integrated  *(3) 

PL  Intensity 

0  50  100  150  200  250  300 

Temperature  (K) 

Fig.4  The  temperature  dependence  of  the 

Yb^-related  PL  intensity  at  each  peak 
of4H-SiC:Yb 


interstitial  sites.  However,  we  have  pl  4H-sic:Yb 

YblxIO'^cm* 

already  investigated  the  mechanism  of  a  "  ExGitatfon:325.0nm.  aomw 

t  .  n  Anneal  ing:1600*C,30min. 

the  luminescence  of  Er^+ in  Si,  which  was  ^  n..,,  I 

due  to  the  presence  of  Er-  C  complexes  [2] .  1 -  □ 

'  A 

On  these  grounds,  we  conclude  that  Er  ^  "V  ^ 

forms  at  least  two  Er-C  complex  centers  |  k  *  ^  -.-a 

with  C  which  contribute  to  the  ^ 

luminescence  of  Er®+  in  SiC^Er.  S  _ _ ,  *  * 

FigureA  shows  the  temperature  |  ■  [jjggtsnm  ' 

dependence  of  the  Yb^+'related  PL  !  (4)ioo5^8nm  ’  ' 

intensity  at  the  dominant  peak(3)  of  (5)ioi3.4nm 

^  ,  (int.)  Integrated  KS) 

wavelength  999.8  nm  in  SiC-Yb.  In  the  intensity  ^ 

range  940.0  nm-1040.0  nm,  5  peaks  o  so  loo  'so  200  250  300 

.  .  Temperature  (K) 

correspond  in  location  to  the  temperature  dependence  of  the 

luminescence  levels  of  the  Yb  ion  in  the  Yb^*-related  PL  intensity  at  each  peak 

^  .  ...  of4H-SiC:Yb 

4H-SiC  crystal.  Yb  is  a  typical 

uncontrollable  impurity  in  SiC. 

Both  Er  and  Yb  temperature  dependence  (shown  in  Fig. 3  and  Fig.4)  are  very 
similar  characteristics.  The  similar  feature  of  the  observed  PL  of  Er  and  Yb  were 
the  unusual  temperature  dependence  of  its  intensity  although  Er^-related  PL 
intensity  increased  with  rising  temperature.  As  the  temperature  increases 
beginning  with  15K,  both  PL  intensity  of  Er  and  Yb  rapidly  increase  and  reach  a 
maximum  value  at  70  K.  On  the  other  hand,  as  the  temperature  increased 
beginning  with  70  K,  both  PL  intensity  of  Er  and  Yb  rapidly  decreased.  By 
investigating  these  results,  it  is  suggested  that  at  more  than  at  70  K,  electrons  and 
excitons  can’t  be  capture  by  one  level  and  the  position  of  the  level  is  in  6  meV 
under  the  conduction  band. 

Figure.  5  shows  the  luminescence  decay  curve  of  the  Er^-related  PL  intensity  at 
the  peak  of  1534.0  nm  in  SiC^Er.  Biexponential  decay  times  r  was  estimated  via 
component  stripping  and  are  shown  in  Fig.  5.  We  estimated  the  radiative  decay 
time(  r)  and  nonradiative  decay  time  (  ZjJ  using  eq.2,  eq.3  and  the  value  of 
measured  lifetime  r  in  Fig.  5.  The  value  of  r  in  the  luminescence  decay  curve, 
r  is  shown  in  FigureG. 


l/r(T)=l/rr(T)+l/rnr(T)  (2) 

I(T)=7?(T)*Io  (3) 
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Time  (ms) 

Fig.5  The  temperature  dependence  of  the 

luminescence  curve  of  the  Er^‘ -related 
PL  intensity  at  the  peak  of  1534.0  nm 


Temperature  (K) 

Fig.6  The  temperature  dependence  of  the 
Z  ^  Z  ^  and  Z 


In  Fjgure.6  the  experiment  data  were  plotted  along  with  the  theoretical  (solid 
line)  based  on  eq.4  [l7l  using  the  parameter  (En). 


r  nr=(l/NBV  a  )*exp(E.VkT)  (4) 


As  a  result,  Kr-4.5meV.  In  the  above  equation,  Nu  is  the  density  of  nonradiative 
center,  v  is  the  thermal  velocity  of  the  carrier,  a  is  the  capture  cross  section  of 
nonradiative  centers,  En  is  the  activation  energy.  T  is  temperature  and  k  is  the 
Bolzmann  constant.  The  values  of  Ej  (=8meV)  approximately  coincided  with  the 
value  of  En.  Therefore  we  conclude  that  the  thermal  quenching  process,  which 
occurs  in  the  low-temperature  range  (15K  <  T  <  70K),  reflects  the  nonradiative 
recombination  in  the  transition  from  the  first  excited  state  (‘^Ii.'V2)  to  the  ground 
state  (-^Ii.vz)  of  Er. 

To  summarize  we  showed  the  proposed  mechanism  and  scheme  of  these  energy 
levels  in  Figure  7. 
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Rg.7  Possible  scheme  of  the  energy  levels  and  mechanisms  of  energy  transfer  in  the  hexagonal  SiC 


CONCLUSION 

From  above  results,  we  can  conclude  as  follows. 

(1)  It  was  found  that  the  optimum  annealing  temperature  and  time  for  4H  and 
6H-SiC  were  1600  “C,  40  min.,  respectively. 

(2)  By  investigating  the  temperature  dependence  of  the  Er^+Telated  PL  intensity, 
we  found  that  thermal  quenching  of  the  luminescence  of  Er3+  was  suppressed  by 
using  SiC,  instead  of  Si,  as  a  host  material,  and  that  Er  forms  at  least  two  ErC 
complex  centers  with  C  which  contribute  to  the  luminescence  of  Er-'^^  in  SiC^Er. 
Er3+-related  PL  was  observed  at  R.T.  by  using  hexagonal  polytypes  4H  and 
6H-SiC  with  a  wide  band  gap  as  a  host  material. 

(3)  By  investigating  the  temperature  dependence  of  the  Er^  and  Yb^+^-related  PL 
intensities  we  consider  that  at  more  than  at  70K,  electrons  and  excitons  can’t  be 
capture  by  one  level.  It  is  suggested  that  the  position  of  the  level  is  in  6meV 
under  the  conduction  band. 

(4)  The  thermal  quenching  process  in  the  low-temperature  range  from  ISKto  70K 
shows  has  a  close  relation  to  nonradiative  recombination  in  the  transition  from 
the  first  excited  state  ('^113/2)  to  the  ground  state  ('*115/2)  of  Er^^- 
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ABSTRACT 

In  this  paper,  ZnO  with  a  rich  variety  of  well-defined  morphologies  have  been  achieved  by 
solution  route  using  different  kind  of  precursors,  which  can  prepare  particles  by  only  one  step 
without  calcination.  The  influences  of  solvent,  and  temperature  on  the  particle  size  and 
morphology  of  ZnO  were  investigated.  It  was  revealed  by  the  scanning  electron  microscope  (SEM) 
and  transmission  electron  microscope  (TEM)  images  that  the  morphological  feature  of  ZnO  can  be 
controlled  as  rod-,  polyhedron-,  fluffy  sphere-,  snowflake-  and  flower-like,  etc.  XRD 
measurement  showed  that  all  of  the  ZnO  samples  with  different  morphologies  has  the  same 
hexagonal  structure,  which  is  well  consistent  with  electron  diffraction  (ED)  characterization.  This 
communication  not  only  provides  promising  candidates  for  materials  science  due  to  the 
importance  of  shape  in  relationship  with  materials,  but  also  presents  an  effective  route  to 
synthesize  the  well-defined  inorganic  materials. 

INTRODUCTION 

More  attentions  nowadays  are  paid  on  studies  of  the  morphology  control  of  inorganic  materials, 
because  the  properties  are  liable  to  be  tailored  for  diversified  morphologies  [1].  Except  for 
focusing  on  sulfide  or  selenide  nanocrystals  [2-6],  the  studies  on  diversity  of  oxides,  especially 
ZnO,  are  going  on. 

ZnO,  as  a  wide  band  gap  semiconductor,  has  been  investigated  both  in  fundamental  and 
application  studies  [7-9].  The  reports  of  ZnO  with  controlled  size  and  morphology  emerged 
endlessly  in  order  to  fine-tune  the  properties  for  practical  applications,  especially  to  realize  the 
novel  lasing  effect  [10].  Hydrothermal  synthesis  [3,11],  as  a  mild  reaction  route,  can  be  performed 
at  a  relatively  lower  temperature  to  produce  the  sufficiently  crystallized  products  without  further 
calcination.  Previous  works  were  extremely  focused  on  the  influence  of  the  reaction  condition  on 
size  of  as-prepared  ZnO,  or  on  the  simple  morphologies,  such  as  sphere-  or  rod-like  ZnO  particles 
[12]. 

In  this  communication,  hexagonal  structured  ZnO  with  a  rich  variety  of  well-defined 
morphologies,  have  been  obtained  by  solution  routes.  Some  of  the  morphologies  shown  the  fractal 
patterns  and  may  have  the  potential  applications  for  strong  light  scattering  and  localization,  which 
are  important  for  lasing  [13].  The  influences  of  temperature,  and  solvent  on  the  particle  size  and 
morphology  of  ZnO  were  investigated. 
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EXPERIMENTAL  DETAILS 


The  zinc  precursor  solution  containing  Zn(OH)4‘'  or  Zn(NH3)4^"  was  prepared  by  adjusting  the 
pH  of  zinc  acetate  solution  (ZnAc,,  0.50  mol/L)  with  NaOH  or  ammonia  to  14  and  10, 
respectively.  The  precursor  was  transferred  into  a  25  mL  teflon-lined  autoclave  and  heated  to  a 
certain  temperature  for  a  given  time  to  form  ZnO.  After  cooled  to  room  temperature,  the  white 
precipitate  was  collected,  and  then  washed  with  absolute  ethanol  and  distilled  water  several  times. 
Finally,  ZnO  samples  was  obtained  by  centrifugation  and  drying  in  a  vacuum  at  60-70  ^’C.  In  order 
to  control  the  morphology,  different  kinds  of  solvent  media  can  be  selected. 

The  structure  of  all  ZnO  samples  is  wurtzitc  (hexagonal  phase,  space  group  Pb^mc)  determined 
by  XRD  and  ED.  All  of  the  diffraction  peaks  are  well  indexed  to  the  hexagonal  phased  ZnO 
reported  in  JCPDS  card  (No.  36-0145). 

DISCUSSION 

Based  on  the  decomposition  of  soluble  ZnfOIDa'-  or  Zn(NH3)4‘^  by  adjusting  the  reaction 
condition  in  different  processes,  a  rich  variety  of  ZnO  with  certain  morphology  can  be  obtained. 
For  this  solution  route  synthesis,  the  solvent  is  polarity  tempered  from  water,  ethanol  to  n-heptane. 
Polyhedron,  short  rod,  and  fluffy  nanocomposite  ZnO  were  obtained  (Fig.  1)  by  ethanol  solvent. 
Reacted  at  100  “C  for  13  h,  ZnO  from  decomposition  of  the  two  kinds  of  Zn(NH3)4'  or  ZniOH)^’' 
precursors,  have  distinct  morphologies,  polyhedron  and  fluffy  nanocomposite  (Fig.  la  and  lb, 
respectively).  The  uniform  fluffy  nanocomposite  was  composed  of  needle-like  rods  with  several 
tens  of  nanometers  in  width.  Increased  the  reaction  temperature  to  180  ^C,  fluffy  sphere  evolved  to 
uniform  rod-like  ZnO  (Fig.  Ic).  The  diameter  of  the  rod  is  about  100  nm  and  the  aspect  ratio  is 
about  5.  The  ED  patterns  proved  the  preferred  growth  direction  is  along  the  C-axis  for  the  rod  like 
ZnO  crystals,  which  is  the  same  as  other  one-dimensional  ZnO  materials  [7].  The  hexaganol  like 
ZnO  microcryslals  have  been  reported  and  its  growth  mechanism  is  deduced  .  It  is  quite 
interesting  that  the  nanorods  can  not  be  grow  into  microcrystals  even  with  prolonged  growth  time. 


Figure  1  SEM  images  of  ZnO  prepared  by  using  ethanol  as  reaction  media  (a)  polyhedron-like 
ZnO  (pH~10,  100  ^C,  13  h),  (b)  fluffy  sphere-like  ZnO  (pH~]4,  100  ^C,  13  h).  (c)  short  rod-like 
ZnO  (pH~14.  180'’C,  13  h). 

The  flower-  and  snowflake-like  ZnO,  shown  in  Fig.  2,  were  synthesized  by  using  ZnfOH)/' 
(pH~14)  as  precursors  and  H.O  or  n-heptane  as  solvent,  respectively.  There  are  two  kinds  of 
flower-like  ZnO  as  the  two  magnified  images  shown  in  the  insets  of  Fig.  2a.  It  seems  like  they 
grow  from  a  center  nucleus.  The  different  polarity  of  solvents,  H.O  and  n-heptane,  .sensitively 
determines  the  nucleaiion  and  shape  evolution,  what  is  the  main  reason  caused  the  diversified 
morphology  is  still  under  active  investigation. 
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Figure  2  SEM  images  of  ZnO  prepared  by  using  H2O  and  n-heptane  as  reaction  media, 
respectively,  (a)  flower-like  ZnO  using  H2O  as  solvent  (pH~14,  180  ®C,  13  h),  the  magnified 
images  are  the  two  kinds  of  particle  patterns,  (b)  snow  flake-like  ZnO  formed  using  n-heptane  as 
solvent  (pH~14,  180  "C,  13  h). 

CONCLUSIONS 

The  diversiformed  ZnO  have  been  achieved  by  solution  routes.  The  reaction  temperature  and 
solvent  was  studied  for  the  influence  on  the  particle  size  and  morphology.  This  communication  not 
only  obtained  ZnO  with  unusual  and  well-defined  morphologies,  which  can  be  used  as  the 
potential  candidates  for  the  fabrication  of  the  new  application  devices,  but  also  alforded  an 
effective  way  to  synthesize  inorganic  materials  with  diverse  morphology. 
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ABSTRACT 

Er  ions  with  doses  ranging  from  1x10^^  cm'^  to  1x10^^  cm'^  were  implanted  into 
Alo.7oGao.3oAs  on  GaAs  substrates,  at  800  °C.  Photoluminescence  (PL)  intensity  of 
Er-related  emission  around  1.54  pm  was  enhanced  by  co-implanted  oxygen  (0).  The 
optimum  dose  of  Er  ion  was  1x10^"^  cm'^  and  O  ion  was  1x10^^  cm'^,  respectively. 
Furthermore,  from  the  temperature  dependence  of  the  PL  intensity  of  sample  implanted 
with  the  optimum  dose,  we  estimated  the  values  of  Ei,  Ea,  and  E3,  the  activation  energies  in 
order  to  investigate  the  rapid  thermal  quenching  of  Er  ion  in  Alo  roGao.soAs.  We  found  that 
PL  intensity  of  Er-related  emission,  in  addition  to  O  dose,  was  enhanced  approximately 
twenty  two  times  at  room  temperature.  And  from  the  temperature  dependence  of  the 
lifetime  of  the  optimum  dose  of  Er  and  O,  the  value  245meV  of  Ea,  the  activation  energy  for 
the  decrease  of  the  lifetime,  was  nearly  equal  to  the  value  235meV  of  E3.  Based  on  the 
result,  the  decrease  of  the  lifetime  confirms  that  the  radiative  efficiency  is  lower;  therefore, 
we  propose  that  rapid  thermal  quenching  occurs  at  temperatures  above  200  K  due  to  the 
decrease  of  the  radiative  efficiency. 

INTRODUCTION 

Rare-earth(RE)  impurities  in  lll-V  semiconductors  have  attracted  much  attention  due  to 
their  potential  applications  in  new  emitting  devices  and  based  on  the  internal  emission  from 
the  4f  levels  of  the  Impurity.  The  intra-4f  shell  transitions  cause  sharp  and 
temperature-stable  luminescence  because  of  shielding  by  outer  electronic  shells.  [1,2] 
Therefore  the  research  on  the  optical  devices,  which  involves  RE  element,  has  been 
advanced.  Er  is  attractive  for  obtaining  light  emitting  device  in  silica-fiber-based  optical 
communication  systems.  As  a  matter  of  fact,  the  luminescence  from  Er^'’  ion  occurs  at  a 
wavelength  of  1.54|iim  [3,4],  which  corresponds  to  the  minimum  absorption  of  silica-based 
optical  fibers. 

However  Er-doped  semiconductors  have  problems  such  as  low  energy  transition 
efficiency  from  the  host  semiconductor  to  the  intra-4f-shell  of  Er^^  ions.  Therefore  it 
is  important  that  we  understand  the  mechanism  of  the  energy  transition.  We  have 
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previously  reported  photolumtnescence  pL)  properties  for  the  dependence  of  the 
composition  ratio  (x)  in  AI^Gai-xAs,  and  the  influence  of  light  elements  (O,  N,  and  C)  on 
the  low  dosage  1  xlO^^cm'^  of  Er.  [4] 

In  this  work,  we  studied  the  influence  of  O  on  Er^^-related  emission  with  the  high 
Erdoses  ranging  from  1x10^^cm'^ to  1x10^^cm'^. 

EXPERIMENT 

Er^*  ion  of  1  MeV  were  implanted  into  undoped  Alo yoGao.aoAs  (100)  grown  by 
molecular  beam  epitaxy  (MBE)  with  doses  ranging  from  1x10^^  cm’^  to  1x10^®cm'^  at 
room  temperature.  The  projected  range  (Rp)  and  straggling  (ARp)  for  implant  profile  were 
calculated  by  materials  computer  program  (TRIM)  to  be  205.7  and  58.4nm,  respectively.  O 
ion  were  implanted  Into  Ab.7oGao.3oAs:Er  with  doses  ranging  from  1x10^^  cm*^  to 
3x10^®cm‘^  at  an  energy  of  130  keV.  The  Rp  of  the  implanted  O  ions  was  almost  the  same 
as  that  of  Er  ions.  After  implantation,  these  samples  were  isochronally  annealed  for  10  min. 
at  800  °C,  using  the  proximity  cap  method  in  Hz  atmosphere.  In  order  to  characterize  the 
specimens,  PL  measurements  were  carried  out  using  a  1m  focal  length  double 
monochromator  and  photo-multiplier  (Hamamatsu  Photonics  R5509-72).  Samples  were 
excited  by  the  488.0  nm  line  of  an  Ar  ion  laser  with  a  power  of  10  mW. 

RESULTS  AND  DISCUSSION 

In  order  to  optimize  the  PL  intensity 
of  Ei^*,  dose  dependence  was 
investigated.  Figure  1  shows  the 
Er-related  PL  spectra  of 
Ab.7oGao.3oAs:Er  for  doses  ranging 
from  1x10^^  cm'^  to  3x1  O^W^ 
measured  at  15K.  The  several  peaks 
were  observed  around  ISOOnm,  and 
the  dominant  peak  is  located  1539.6 
nm.  PL  intensity  of  the  dominant  peak 
increased  for  Er  doses  ranging  from 
1x1 0’^  to  1x10^"*  cm'^  and  decreased 
for  those  from  3x1 0'''*  to  1x10^^  cm’^.  In 
the  sample  with  Er  dose  of  1x1  cm'^, 

the  PL  intensity  of  the  dominant  peak 


Figure  1.  PL  spectra  of  Er^^  ion  in 
Alo.7oGao.3oAs  corresponding  to  the 

transition  ^/i3/2 - ^  recorded  at 

15K  with  Erdoses  ranging  from  1x10^^ 
cm’^to  IxIO^^cm*^. 
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at  1539.6nm  was  maximum.  The  dominant 
peak  intensity  decreased  with  increasing 
the  Erdoses  range  above  1x10'''*  cm'^. 

Figure  2.  shows  the  PL  spectra  of 
Alo.7oGao.3oAs:Er,0  for  different  0  doses 
and  annealed  at  800T;  measured  at  15K. 
As  the  O  dose  increased  from  1x10*'*cm'^ 
to  1x10^^  cm‘^  the  dominant  peak  was 
stronger.  In  the  sample,  when  O  was 
co-implanted  into  the  Ab.7oGao.3oAs:Er  with 
a  dose  of  1x10*^  cm“^,  the  PL  intensity  of 
the  dominant  peak  became  maximum.  The 
peak  intensity  decreased  with  increasing 
the  O  doses  from  1x10''®  cm'^  to  3x10''® 
cm‘^.  We  consider  that  the  PL  intensity  in 
the  sample  with  the  O  dose  at  3x10*®  cm'^ 
decreases  because  the  defects  attributed 
to  O  co-doping  disturb  the  energy  transition 
efficiency  from  the  host  material  to  the 
intra-4f-shell  of  ions.  Based  on  the 
results,  the  O  dose  required  to  obtain  the 
maximum  PL  intensity  at  the  dominant 
peak  is  concluded  to  be  1x10*®  cm‘^. 

Figure  3  shows  the  temperature 
dependence  of  PL  intensity  for 
Alo.7oGao.3oAs:Er,  O  at  Er  dose  of 
1x10*'*cm'^  and  O  dose  of  1x10*®cm'^. 
From  Figure.3,  we  can  observe  a  peculiar 
three  -step  quenching  process  in  PL 
intensity  of  Er:1x10*'’cm"^  without  O  and 
ErilxlO*'*,  O:1x10*®cm'^  The  PL  intensity 
rapidly  decreased  above  200K. 
Furthermore,  at  room  temperature  the  PL 
intensity  of  Er-related  emission  from  the 
sample  co-implanted  with  O  at  a  dose  of 
1x10*®cm‘^  was  twenty  two  times  stronger 
than  that  from  the  sample  implanted  with 
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Figure  2.  PL  spectra  measured  at  15K 
for  Ab.7oGao.3oAs:Er,0  with  O  doses 
ranging  from  1x10*®  cm‘^  to  3x10*® 
cm‘^. 
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Figure  3.  Er^Velated  PL  lifetime 
and  intensity  dependence  on 
temperature  for  Ab.7oGao.3oAs:Er,0. 
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Normalized  PL  Intensity  (a.u.) 


only  ErlxIO^'^cm  ^.The  expenmental  data  for  Alo  7oGao.3oAs:Er,0  are  plotted  together  with  the 
theoretical  lines  (solid  line)  of  the  best  fit  obtained  using  Eq.  (1)  using  parameters 
(Ci,C2,C3.Ei,E2,E3)  shown  in  table  1 J6-8] 


I  =  ^J{^  +  exp(-  EJkT)+  C2  exp(-  jkT)  +  C3  exp(-  //c  r)}  (1 ) 

1/r(7')  =  1/r,  +1/r„  (2) 

Where  Xn  (the  non-radiative  lifetime)  was  assumed  as  follows: 

1/T„  =C,  exp(-E,//cr)  (3) 


Table  1.  Activation  energies  obtained  by  fitting  experimental  results  to 
Eqs.  (1)and  (2). 

PL  Intensity 


Ci 

E^(meV) 

C2 

E2(meV) 

C3 

E3(meV) 

Er:1x10‘''’cm‘^ 

5.0 

14.0 

50 

50 

4.0x10^ 

235 

Er:1x10'''cm-2 

O:1x10'W^ 

3.0 

11.5 

55 

60 

2.0x10^ 

235 

Lifetime 

Ca 

E/i(meV) 

ErlxIO^W^ 

1.7 

235 

Er:1x10^W2 

O:1x10^^cm‘^ 

0.75 

245 

In  the  above  equation,  fo  is  the  intensity  when  the  electron  emission  from  the  Er-related  trap 
can  be  neglected.  Hence  it  corresponds  to  the  intensity  at  a  very  low  temperature.  7  is  the 
measuring  temperature,  Ei,  E2,  E3  and  Ea,  are  activation  energies  respectively,  and  k  is  the 
Boltzmann  constant.  Ci,  C2,  C3  and  Ca  are  the  coupling  coefficient  at  Ei,  E2,  E3  and  Ea, 
respectively,  r  and  tr  are  the  lifetime  and  the  radiative  lifetime,  respectively.  These  E2,  and 
E3  values  were  50-60  meV  and  235  meV,  respectively.  Moreover,  Ea  values  were  235-245 
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meV.  On  the  other  hand,  the  value  235meV  of  E3,  the  activation  energy  for  rapid  thermal 
quenching,  was  nearly  equal  to  the  value  235-245meV  of  Ea,  activation  energy  for  the 
decrease  of  the  lifetime.  Based  Eq.  (2),  the  decrease  of  the  lifetime  confirms  that  the 
radiative  efficiency  is  lower;  therefore,  we  propose  that  rapid  thermal  quenching  occurs 
above  200  K  due  to  the  decrease  of  the  radiative  efficiency.  In  addition,  we  infer  that 
activation  energy  Ei  is  the  ionization  energies  of  the  e-h  pair  in  the  Er^^-related  trap  level 
because  it  has  been  reported  that  the  ionization  energy  is  about  10  meV.[4,7] 

CONCLUSION 

In  order  to  increase  Er-related  emission  in  AloyoGaoaoAs,  we  examined  dose 
dependence  of  Er  and  O.  It  was  found  that  the  optimum  dose  range  for  AlojoGao.soAsiEr 
was  1x10^"^  cm'^,  based  on  the  dose  dependence,  and  the  optimum  O  dose  range  for 
Alo.7oGao,3oAs:Er  was  1x10^"^  cm’^, based  on  the  O  dose  dependence.  The  PL  intensity  of 
Er-related  emission,  in  addition  to  O  dose,  was  enhanced  approximately  twenty  two  times 
at  room  temperature.  From  the  temperature  dependence  of  the  PL  intensity  and  the  lifetime, 
E3  (235meV),  the  activation  energy  for  rapid  thermal  quenching,  was  nearly  equal  to  Ea 
(235-245meV)  the  activation  energy  for  the  decrease  of  the  lifetime.  Based  on  the  result, 
the  decrease  of  the  lifetime  confirms  that  the  radiative  efficiency  is  lower;  therefore,  we 
propose  that  rapid  thermal  quenching  occurs  above  200  K  due  to  the  decrease  of  the 
radiative  efficiency. 
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ABSTRACT 

Intersubband  transitions  in  Ino.52Clao.4sAs/Ino.52Alo.48As  multiple  quantum  wells 
grown  on  lattice  matched  InP  substrates  were  investigated  using  Fourier  transform 
infrared  (FTIR)  absorption  and  photoluminescence  (FTPL)  techniques.  The  well  width 
was  tailored  to  produce  excited  states  resonant  in  the  conduction  band,  at  the  edge  of  the 
conduction  band,  and  confined  in  the  quantum  wells.  Interband  transitions  were  also 
probed  using  FTPL  and  optical  absorption  techniques.  The  FTPL  spectra  show  that 
three  interband  transitions  exist  in  the  quantum  well  structures  with  well  width  larger 
than  30  A.  The  intersubband  transitions  in  this  class  of  quantum  wells  seem  to  withstand 
proton  irradiation  with  doses  higher  than  those  used  to  deplete  the  intersubband 
transitions  in  the  GaAs/AlGaAs  multiple  quantum  wells. 


INTRODUCTION 

Interband  and  intersubband  transitions  in  bulk  semiconductor,  multiple  quantum 
wells  (MQWs),  superlattices,  and  multiple  quantum  dots  have  been  the  subject  of  many 
studies  (see  for  example  Refs.  [1],  [2],  [3],  [4]  and  [5])  due  to  the  fact  that  they  form  the 
basis  for  a  new  generation  of  low  background  and  high  detectivity  very  long,  long  and 
near  wavelength  infrared  (IR)  detectors.  Additionally,  IR  detectors  have  enabled  a  new 
and  a  wide  range  of  applications  even  though  their  potential  is  not  fully  realized  and 
explored.  GaAs/AlGaAs  based  multiple  quantum  well  structures  are  the  most  mature  of 
quantum  well  structures  and  have  been  widely  studied  for  many  applications  including  IR 
detectors  (see  for  example  Refs.  [1],  [6],  [7]  and  [2]-[4].  Furthermore,  these  structures 
have  been  used  in  the  development  of  novel  high  performance  multi-color  quantum  well 
infrared  photodetector  (QWIP)  for  3-5  pm  mid-wavelength  infrared  and  8-14  pm  long- 
wavelength  infrared  detection  and  to  obtain  a  better  understanding  of  the  basic 
mechanisms  that  could  be  used  to  optimize  the  performance  of  these  QWIPs.  In  case  of 
shorter  wavelength  applications  such  as  1.55  and  1.3  pm  for  optical  communication,  the 
GaAs/AlGaAs  MQWs  may  not  be  able  to  meet  the  demand  since  the  conduction  band 
offset  is  too  small  for  a  such  wavelength  range.  Thus,  there  is  a  need  to  investigate 
different  quantum  structures  with  larger  conduction  band  offset.  InGaAs/InAIAs  MQWs 
have  the  potential  to  be  used  as  possible  structures  for  shorter  wavelength  applications 
due  to  the  fact  that  this  system  can  be  tailored  with  a  larger  conduction  band  offset. 
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In  this  paper,  wc  report  on  the  optical  properties  of  intersubband  transitions  in 
InGaAs/InAIAs  MQWs  grown  on  lattice  matched  InP  substrates.  Photoluminescence 
spectra  were  obtained  for  several  samples  where  the  excited  state  is  resonant  in  the 
conduction  band  or  confined  in  the  well.  Additionally,  proton  irradiation  was  performed 
on  the  intersubband  transition  and  the  results  will  be  discussed. 


EXPERIMANTAL  TECHNIQUES 


Three  In().52Ga<i.4xAs/In(».52Al().4sAs  multiple  quantum  well  structures  grown  on  InP 
substrates  were  grown  by  the  molecular-beam  epitaxy  technique.  The  In.53Ga.47As- 
In.52A1.4«As  were  both  lattice  matched  to  the  InP  substrates  with  Aa/a  less  than  5x10"^  in 
each  case  .  The  growth  were  performed  at  a  temperature  of  450  X  which  was  optimal 
for  this  material  system.  The  barrier  thickness  is  300  A  for  all  samples  and  the  well 
width  is  30A,  55A,  and  75A  for  the  three  samples.  The  well  regions  were  Si-doped 
{[Si]=9xl0  cm  }.  The  quality  of  the  layers  was  examined  by  room  temperature  Hall 
^measurements  and  the  mobility  was  found  1554,  2324,  2005  p  (cm^/Vs)  for  the 
30A,  55A,  and  75A,  respectively,  while  the  Hall  effect  carrier  concentration  is  consistent 
with  growth  doping  profile  C~9xl0*  cm  The  .samples  were  also  irradiated  with  1  MeV 
protons  beam.  The  infrared  absorption  .spectra  were  recorded  at  the  Brewster’s  angel  of 
GaAs  (73  )  from  the  normal  using  a  BOMEM  Fouricr-transform  interferometer  in 
conjunction  with  a  continuous  flow  cryostat.  The  sample’s  cold  finger  holder  was 
designed  for  the  GaAs  Brewster’s  angle,  but  the  InP  Brcw.stcr  angel  of  7V  is  very  close 
to  that  of  GaAs.  The  temperature  was  controlled  within  ±1.0  K  and  the  spectra  were 
measured  at  either  77K  or  3(X)K.  Interband  transitions  were  measured  using  the 
BOMEM  spectrometer  in  conjunction  with  a  PL  attachment.  Cary  500  spectrometer  was 
also  used  to  measure  the  band  edge  absorption  of  the  quantum  structures. 


EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

The  optical  absorption  spectra  of  the  intersubband  transitions  in  the  three  samples 
are  shown  in  Fig.  1.  The  spectra  are  measured  at  both  77  K  and  300  K.  It  is  clear  from 
this  figure  that  the  energy  separation  between  the  ground  and  excited  states  is  decrea.sed 
as  the  well  width  is  increa.sed  from  30  A  [Fig.  1(a)]  to  55  A  [Fig.  (b)].  As  the  well 
width  IS  increa.sed  to  75  A,  the  structure  .seems  to  accommodate  more  than  one  excited 
states  with  the  Fermi  energy  level  being  above  the  fist  excited  state.  Hence  one  can 
observe  intersubband  transitions  from  the  ground  state  to  the  first  excited  state  and  from 
the  first  to  the  second  excited  sates.  This  is  illustrated  in  Fig.  1(c)  where  two 
intersubband  transitions  are  clearly  visible.  From  the  .shape  and  intensity  of  the 
intersubband  transitions,  one  can  suggest  that  the  excited  stale  in  the  sample  with  30  A 
wells  [Fig.  2(a)]  is  resonant  in  the  conduction  band.  The  asymmetrical  shape  of  the 
.spectra  in  Fig.  1(b)  indicates  that  the  excite  state  is  very  clo.se  to  the  top  of  the  barrier 
conduction  band.  This  is  due  to  the  asymmetrical  energy  levels  in  the  k-space. 
However,  as  the  excited  state  is  dropped  inside  the  well  by  increasing  its  width,  the  line- 
shapes  of  the  inter.subband  transitions  become  more  .symmetrical  as  shown  in  Fig.  1(c). 
This  strongly  suggests  that  both  the  ground  and  excited  states  have  more  or  less  the  same 
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curvature  in  the  k-space  or  the  effective  mass  of  the  carrier  is  almost  the  same  in  both  the 
ground  and  excited  states.  The  positions  of  the  energy  levels  in 
Ino.52Gao.48As/Ino.52Alo.48As  MQWs  seems  to  strongly  depend  on  the  well  widths  as 
compared  to  the  GaAs/AlGaAs  systems  [8].  This  is  may  be  due  to  the  fact  that  the 
conduction  band  offset  in  Ino.52Gao.48As/Ino.52Alo.48As  MQWs  is  much  larger  than  that  of 
the  GaAs/AlGaAs  MQWs. 


Wave  number  (cm  ') 


Fig.  1.  Optical  absorption  spectra  of 
the  Intersubhand  transitions  measured  at 
T  -  77  and  300K  for  (a)  a  sample  with  a 
well  width  of  30  A,  (b)  a  sample  with  a  well 
width  of  55  A,  and  (c)  a  sample  with  a  well 
width  of  75  A. 


Interband  transitions  in  the  three  MQW  samples  were  probed  using  both  FTPL  and 
monochromatic  light  absorption.  The  results  are  shown  in  Fig.  2  where  both  the  band  edge 
absorption  and  PL  spectra  overlaid  for  each  sample.  The  optical  absorption  threshold  seems  to  be 
the  same  for  all  samples,  but  the  PL  spectra  consist  of  only  one  peak  for  the  sample  with  a  well 
width  of  30  A,  which  suggest  that  there  is  only  one  confined  state  in  the  conduction  band  [see  Fig, 
2.  (a)].  The  PL  spectra  for  the  samples  with  well  widths  of  55  and  75  A  show  structures  with  two 
peaks  around  1.4  and  1.3  |xm  and  a  shoulder  around  1.24  )xm.  The  optical  absorption  threshold 
energy  is  about  1.17  |im  (1.06  eV)  while  the  dominant  PL  peak  position  energies  for  the  three 
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samples  are  1.16  pm  (1.07  eV),  1.31  pm  (0.947  cV),  and  1.34  pm  (0.925  cV).  This  suggests  that 
the  .samples  possess  a  small  Stokes  .shift,  which  could  indicate  a  minimal  strain  or  distortion. 


Fig.2.  Absorption  and  PL  spectra  measured  at 
lOK  and  77K,  respectively,  for  the  three 
samples. 


Two  of  the  samples,  namely  55  and  75  A  well  samples,  were  irradiated  with  1  MeV 
protons  and  found  that  a  do.se  of  up  to  3x10''^  cm'^  did  not  seem  to  produce  a  significant  change 
in  the  intensity  of  the  intersubband  transitions  in  the  samples.  The  results  are  shown  in  Fig.  3. 
Recently,  proton  irradiation  effect  on  the  intersubband  transitions  in  GaAs/AlGaAs  multiple 
quantum  wells  was  reported  [9].  It  was  shown  that  the  intensity  of  the  intersubband  transitions  is 
decrea.sed  as  the  proton  irradiation  do.se  is  increased,  which  was  explained  in  terms  of  trapping 
the  two-dimensional  electron  gas  in  the  GaAs  quantum  wells  by  the  irradiation  induced-defects 
such  as  vacancies,  antisites,  and  more  complex  defects.  A  reduction  of  the  intensity  of  the 
intersubband  transitions  in  electron  irradiated  GaAs/AlGaAs  multiple  quantum  wells  was  also 
observed  [10]  with  similar  results.  It  is  noted  that  the  intersubband  transition  in  GaAs/AlGaAs  to 
drastically  decrea.se  and  completely  deplete  when  the  GaAs/AlGaAs  MQWs  where  irradiated 
with  IMeV  and  a  do.se  of  IxlO'^’cni'l  In  the  present  samples,  a  dose  of  3xl0''‘cm'^  did  not  seem 
to  cause  the  same  effect  which  indicates  that  InGaAs/AlGaAs  is  more  radiation  hardness  as 
compared  to  GaAs/AlGaAs  systems.  This  subject  is  still  under  further  investigation. 


256 


Absorbance  (Arbt.  Unit) 


. 

0.62 

■  75Xwe!i/300AbWi'er  /J 

. — (1)  • 

0.60 

■  (1)  Before  irradiation  K 

(2)  dose  =  lx  lO'^cm  ■  j  1 

^(2)  . 

0.58 

•  (3)  dose  =  3xl0''’em  ■  j 

1  MeV  proton  j 

j^(3) 

0.56 

j 

0.54 

j 

\ 

0.52 

\'K.y 

V 

0.50 

,  t  ....  t  ....  1  ..  A  X.  1 

1  ■  1  i  I  1  ■  » 

KXK)  12(X)  14{X)  1600  1800  20(H) 


Wave  number  (cm  ') 


Fig.  3.  Proton  Irradiation  effect  on  the  intersuhhand  transitions  in  two  InGaAslInAlAs 
MQWs  samples.  Less  that  5%  reduction  was  observed  in  the  samples  after  irradiating 
them  with  1  MeV  protons  and  a  dose  of  3 xJO^'^cm'^. 


CONCLUSIONS 

Intersubband  transitions  in  InGaAsAnAlAs  MQWs  grown  on  lattice  matched  InP 
were  investigated  using  optical  absorption  and  photoluminescence  technique.  The  results 
show  that  the  MQWs  exhibit  one  intersubband  transition  in  samples  with  a  well  widths 
smaller  than  55  A.  Two  intersubband  transitions,  on  the  other  hand,  where  observed  in  a 
sample  with  a  well  width  of  75  A  suggesting  that  two  excited  states  are  confined  in  the 
well  and  the  Fermi  energy  level  is  above  the  first  excited  state.  The  small  difference  in 
the  interband  transition  energies  observed  by  both  the  optical  absorption  and 
photoluminescence  techniques  suggest  a  small  Stokes  shift,  which  is  an  indicative  of 
minimal  strain.  IMeV  proton  irradiation  yields  a  small  effect  on  the  intersubband 
transitions  in  the  MQWs  up  to  a  dose  of  3xl0^‘^cm'^. 
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ABSTRACT 

The  modeling  of  the  spectral  behavior  of  the  refractive  index  of  AIGalnAs  quaternary  III- 
V  semiconductor  alloy  in  the  energy  range  from  0.4  to  4eV,  including  the  transparent  region,  is 
presented.  The  extended  model  of  interband  transition  contributions  incorporates  not  only  the 
fundamental  absorption  edge  contribution  to  the  dielectric  function,  but  also  contributions  from 
higher  energy  and  indirect  transitions.  It  is  demonstrated  that  indirect  energy  transitions  must  be 
included  in  the  calculations  of  the  complex  dielectric  function  of  the  material  in  the  transparent 
region.  Indirect  transitions  from  different  critical  points  in  the  Brillouin  zone  are  treated 
separately.  The  comparison  between  the  theoretical  refractive  indices  and  the  experimental  data 
for  AIGalnAs  alloy  is  presented.  These  calculations  have  been  applied  to  the  design  of  Bragg 
mirrors  with  the  highest  refractive  index  contrast  for  heterostructure  lasers. 

INTRODUCTION 

The  design  and  analysis  of  such  devices  as  injection  lasers,  photodiodes,  detectors,  solar 
cells,  multilayer  structures,  and  microcavities  requires  the  exact  knowledge  of  the  optical 
constants  of  III-V  compound  semiconductors  in  the  region  near  the  fundamental  absorption  edge 
as  well  as  at  the  higher  photon  energies.  In  modeling  of  the  optical  constants  of  semiconductors 
in  the  fundamental  optical  region,  several  approaches  are  typically  used:  (1)  empirical  formulas, 
(2)  damped  harmonic  oscillator  (DHO)  models,  (3)  standard  critical  point  (SCP)  models.  Optical 
constants  determined  from  empirical  formulas  (such  as  the  Sellmeier  dispersion  equations  for  the 
refractive  index  and  Urbach’s  rule  for  the  absorption  coefficient  [1],  or  the  expression  for  n 
based  on  interpolation  of  a  dielectric  quantity  using  Vegard’s  rule  by  Burkhard  et  <3/.[2])  are  not 
related  through  the  Kramers-Kronig  dispersion  relation  and  are  valid  only  over  a  very  limited 
energy  range. 

A  semi-empirical  single  effective  oscillator  model  based  on  quasi-classical  Boltzmann 
equation  or  Drude  theory  proposed  by  Wemple  et  fl/,[3]  does  provide  an  analytical  expression  for 
the  dispersion  of  the  semiconductor  refractive  index  at  photon  energies  significantly  below  the 
direct  band  edge.  The  Drude  theory  ignores  the  carrier  related  effects  around  the  band  gap,  and 
thus  the  results  are  valid  only  in  the  low  optical  frequency  region.  This  model  also  lacks  the 
agreement  with  experimental  data  at  the  band  edge,  which  is  the  energy  range  of  the  most 
interest  for  semiconductor  laser  devices. 

The  standard  critical  point  (SCP)  model  can  determine  the  position  of  critical  points  of 
the  semiconductor  band  structure,  but  cannot  accurately  predict  the  dielectric  function  [4].  The 
modified  SCP  model  was  initially  proposed  by  Korovin  [5]  and  Cardona  et  «/.[6],  and  then 
developed  by  Adachi  [7],  and  Lin  et  a/.[8].  The  model  of  interband  transition  contributions  (ITC 
model)  was  introduced  as  a  method  to  analyze  the  refractive  index  of  III-V  compounds  at 
energies  below  and  above  the  direct  band  gap  by  including  the  electron-hole  pair  transitions,  and 
by  adding  the  excitonic  terms  at  the  two  lowest  energy  gap  transitions.  The  comparison  between 
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available  experimental  results  of  the  spectral  behavior  of  IIl-V  compound  semiconductors  and 
the  theoretical  data  calculated  using  the  above  mentioned  models  often  reveals  a  lack  of 
agreement,  which  is  pronounced  for  the  photon  energies  around  the  fundamental  absorption 
edge.  These  differences  may  arise  from  the  excitonic  effects,  which  are  largely  ignored  in  the 
calculations  of  the  real  part  of  the  dielectric  constant  [8]. 

In  the  present  work,  an  extended  model  of  interband  transition  contributions  (EITC)  is 
developed  for  the  calculations  of  real  and  imaginary  parts  of  the  dielectric  constant  of  compound 
semiconductors.  The  model  introduces  ( 1 )  the  broadening  effects,  caused  by  phonon  and  defect 
scattering  in  direct  and  indirect  transitions;  (2)  the  strength  of  direct  band  gap  transitions  as  a 
function  of  the  effective  electron,  heavy  hole  and  light  hole  masses  of  the  semiconductor;  (3)  the 
exciton  contributions;  (4)  the  separate  contributions  of  Ex  and  Ej  indirect  band  gap  transitions  to 
the  real  and  imaginary  part  of  the  dielectric  constant.  The  importance  of  indirect  and  higher 
direct  energy  transitions  is  demonstrated  through  these  calculations  and  through  the  comparison 
with  experimental  results.  The  detailed  description  of  our  extended  ITC  model  is  given  in 
Reference  [9],  where  the  index  of  refraction  for  the  following  alloys  has  also  been  calculated  and 
compared  with  the  available  experimental  results:  AlP,  AlAs,  AlSb,  GaP,  GaAs,  GaSb,  InP, 

InAs,  InSb,  AlGaAsSb,  AlGalnAs,  AlGalnP,  GalnAsSb,  and  GaInPAs.  In  this  work  we  apply 
the  extended  ITC  model  for  the  calculation  of  the  dielectric  constant  of  AlGalnAs  alloy,  which  is 
then  used  for  the  Bragg  mirror  design. 

THE  EXTENDED  ITC  MODEL 

The  dielectric  constant  e(E)  =  ei(E)+i£2(E)  describes  the  optical  response  of  the  medium 
as  a  function  of  photon  energy  E.  The  imaginary  part  of  the  dielectric  function  £2(E)  is  calculated 
based  on  a  simplified  model  of  the  band  structure  using  the  joint  density  of  states  for  each 
Critical  Point  (CP)  considered.  The  real  part  of  the  dielectric  function  £|(E)  was  calculated 
through  the  knowledge  of  the  imaginary  part,  £2(E),  by  employing  the  Kramers-Kronig  relation 

[10] .  Thus,  the  total  imaginary  and  real  parts  of  the  dielectric  function  are  presented  as  a  sum  of 
several  terms  that  represent  the  contribution  of  different  energy  CPs.  These  points  are  associated 
with  electronic  transitions  in  the  band  structure  at  the  energies  designated  as  Eo,  E<,+A,  E(,'\  E|, 
E2,  and  Ej.  In  case  of  quaternary,  AxByC.D,  semiconductor  alloy  each  of  the  terms  become  a 
function  of  the  alloy  mole  fraction,  x,  y  and  z=l-x-y.  There  are  several  absorption  mechanisms 

[11]  that  contribute  to  the  imaginary  part  of  the  dielectric  constant,  therefore  £2(E)  can  be  written 
as; 

£,(  E,x,y  i  =  £f  ( E,x.y  )  +  £f"(  E,x,y )  +  £^"'^\E,x,y )  + 

+  £f'(E.x.y)  +  eP(E,x.y)  +  efY  ^ 

where  £2  and  £2^^  are  contributions  due  to  the  absorption  by  direct  interband  optical 
transitions  near  the  fundamental  absorption  edge  and  spin-orbit  transitions,  £2“"'^"  is  due  to  the 
absorption  by  the  discrete  series  of  cxcitons  near  the  E<,  energy  gap,  £2*^'  and  £2^“  are 
contributions  of  the  higher  energy  interband  transitions,  and  £2'^''  is  due  to  the  indirect  interband 
absorption  effects.  Similarly,  the  real  part  of  the  dielectric  function  can  be  presented  as  the 
following  sum: 

e,l  E,x,y )  =  £f“(  E.x.y )  +  ef"!  E.x.y  ef"'^ E,x,y )  + 

+  ef‘(E.x,y)  +  £';UE.x,y )  +  ef(  E.x.y ) 
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The  absorption  spectrum  for  photon  energies  greater  than  the  band  gap  energy  is 
composed  of  many  peaks  correlated  with  Van-Hove  singularities  of  the  joint  density  of  states 
[11].  For  in-V  zinc-blende  type  semiconductors,  the  contributions  of  two  main  peaks  (Ei  and  E2) 
must  also  be  included.  These  peaks  correspond  to  the  direct  optical  transitions  at  the  L  and  X 
points  of  the  BZ,  respectively.  The  Ei  peak  is  treated  as  a  two-dimensional  Mo  type  critical  point, 
while  the  structure  of  the  E2  peak  is  characteristic  of  a  damped  harmonic  oscillator. 

The  detailed  description  of  the  individual  contributions  to  the  real  and  imaginary  parts  of 
the  dielectric  constant  is  given  in  the  Reference  [9].  The  presented  model  is  applicable  in  the 
photon  energy  range  from  0.4eV  to  about  4eV.  The  initial  crystal  parameters  required  for  the 
calculations  include  energy  band  gap  values,  effective  electron  and  hole  masses,  static  dielectric 
constant,  and  the  values  of  the  bowing  parameters  used  for  the  energy  band  gap  calculations  for 
the  ternary  alloys.  The  complex  dielectric  constant  and  refractive  index  of  binary  alloys  (AlAs, 
GaAs,  InAs)  were  first  calculated  and  the  results  were  then  used  in  the  calculation  for  AlGalnAs 
quaternary  alloy.  The  reported  model  also  incorporates  the  lifetime  broadening  effects  of  the  free 
electron-hole  pair  states  through  the  damping  parameters  [12]. 

The  refractive  index  of  a  semiconductor,  n(E),  and  the  extinction  coefficient,  k(E),  were 
calculated  in  terms  of  the  complex  dielectric  function  as  follows: 


n(E)  = 


s,(E)  ^  ^€,(Ef  +£,(Ef 

2  2 


(3) 


k(E)  = 


^ei(Ef+€2(Ef 

2 


(4) 


There  are  a  total  of  12  unknown  parameters  required  by  the  model  in  Eqs.(l)  and  (2)  for 
the  real  and  imaginary  part  of  the  dielectric  constant  of  a  binary  alloy,  which  include  strength 
and  damping  parameters  for  various  transitions.  These  parameters  are  obtained  by  fitting  through 
minimization  of  the  total  error  function,  F,  over  all  available  experimental  points  for  each 
semiconductor  alloy  of  interest,  which  is  given  below  as: 


(5) 


CALCULATION  RESULTS  AND  DISCUSSION 

The  present  investigation  of  the  optical  properties  of  the  III-V  semiconductor  alloys  is 
centered  on  describing  the  behavior  of  the  refractive  index  for  the  photon  energies  in  the 
transparent  region  as  well  as  for  the  higher  energies.  The  calculated  index  of  refraction  from  our 
extended  ITC  model  and  the  available  experimental  data  for  AlGalnAs  quaternary 
semiconductor  alloy  are  shown  in  Figures  1  and  2  demonstrating  excellent  agreement  between 
the  two.  The  strongest  resonance  peak  of  the  index  of  refraction  occurs  at  the  Ei  transition 
energy.  The  E|  peaks  in  this  calculation  appear  to  be  generally  sharper  than  the  experimental 
values,  which  can  be  explained  by  the  absence  of  the  lifetime  broadening  effects  in  the  current 
model  for  the  Ei  optical  transition. 

It  is  believed  that  by  adding  the  broadening  constant  as  well  as  including  the  exciton 
effects  for  the  Ei  transition  energy,  better  agreement  for  this  peak  can  be  obtained.  The  increase 
in  the  broadening  parameter  of  AlGalnAs  alloy  is  reported,  which  may  be  attributed  to  the 
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potential  fluctuations  resulting  from  random  atomic  placement  in  the  quaternary  alloys  as 
compared  with  binary  alloys.  Maximum  anion  disorder  occurs  at  y=0.5,  while  that  for  the  cation 
occurs  at  x=0.5  and  y=:l  [13].  Therefore,  the  high  atomic  disorder  in  the  triple-cation  sublatiice 
of  Alo.3Ga().i6lno.54As  alloy  with  compositions  x,  y,  z  close  to  the  middle  point  may  be 
responsible  for  the  slight  deviations  of  the  calculated  refractive  index  from  the  one  determined 
experimentally.  In  this  case  the  bowing  parameters  can  no  longer  be  represented  as  a  quadratic 
function  of  the  alloy  composition.  The  atomic  disorder  and  composition  fluctuations  are 
expected  to  broaden  the  optical  spectra. 

The  valley  contributions  to  the  real  part  of  the  dielectric  constant  are  .separated  according 
to  the  partition  of  the  Brillouin  zone.  The  L  region  with  corresponding  direct  Ei  and  indirect  El 
optical  transition  energy  contributes  approximately  65  -75%  to  the  total  value  of  the  dielectric 
constant  while  the  T  region  corre.sponding  to  the  £<»  transition  accounts  to  about  5-10%,  the  X 
region,  which  is  repre.sented  by  indirect  Ex  energy  and  constant  M,  contributes  about  15  to  30% 
of  the  total.  Thus,  the  index  of  refraction  is  es.sentially  determined  by  the  band  structure  away 
from  the  center  of  the  BZ,  and  modifications  of  the  electronic  structure  at  L  and  X  points  rather 
than  r  CPs,  produce  the  observed  variations  in  the  index  of  refraction. 
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Figure  2.  Refractive  index  of  AlxGayInzAs  for  x=0,  y=0.47,  z=0.53. 

The  contribution  to  the  total  dielectric  function  of  3D  discrete  exciton  transitions  close  to 
the  Eo  transition  energy  are  found  to  be  negligible,  about  0.1%,  due  to  the  very  narrow  spectral 
range  of  such  transitions. 

The  results  of  the  AfrGaylnzAs  alloy  investigation  were  extrapolated  to  the  different 
compositions  of  interest  to  photonic  devices.  In  order  to  select  the  optimal  materials  for  the 
semiconductor  Distributed  Bragg  Reflectors  (DBRs)  for  application  in  long  wavelength  Vertical 
Cavity  Surface  Emitting  Lasers  (VCSELs),  the  maximum  and  minimum  refractive  indices  were 
calculated  for  response  to  the  incident  photon  energy  of  O.SeV  for  the  alloys  lattice  matched  to 
the  InP  substrate  under  the  direct  band  gap  conditions.  The  Alo.05Gao.42Ino.53As/InP  material 
system  with  index  of  refraction  difference  of  0.46  is  therefore  recommended  for  the  Bragg  mirror 
applications. 

SUMMARY 

An  extended  ITC  model  and  calculations  of  optical  properties  for  AlGalnAs  quaternary 
III-V  semiconductor  alloy  are  presented  and  the  results  are  compared  with  the  experimental  data. 
The  successful  fit  of  the  refractive  indices  in  the  transparent  optical  region  as  well  as  for  the 
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higher  pholon  energies  was  attained  by  combining  several  interband  transition  contributions.  The 
largest  contribution  to  the  dielectric  function  is  due  to  the  direct  and  indirect  optical  transitions 
along  <1 1 1>  and  <100>  directions  in  the  BZ,  which  accounts  for  85-90%  of  the  total 
contributions.  Therefore,  except  for  the  optical  absorption  in  the  vicinity  of  the  T  gap,  most  of 
the  optical  properties  of  the  material,  especially  the  index  of  refraction,  are  determined  by  the 
electronic  structure  around  L  point,  rather  than  at  the  center  of  the  BZ.  Since  our  model  is  more 
sensitive  to  the  indirect  band  gap  transitions,  the  nature  of  the  indirect  band  gap  contributions  to 
the  total  dielectric  function  of  the  alloy  may  be  better  understood.  The  influence  of  the  discrete 
exciton  states  around  the  Eo  edge  at  room  temperature  was  found  negligible.  We  have  applied  the 
results  of  these  calculations  to  the  AlGalnAs/InP  material  system  for  applications  as 
semiconductor  distributed  Bragg  reflectors. 
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ABSTRACT 

Experiments  on  annealing  of  CdGeAs2- ,  CdSnAsi-  and  ZnGeP2-crystals  in  the  vapor  of 
volatile  constituents  were  carried  out.  Conductivity  and  Hall  effect  measurements  were  per¬ 
formed  to  characterize  the  modification  of  electrical  properties,  caused  by  the  interaction  of 
the  crystal  with  the  gas  phase  during  annealing.  Literature  data  and  the  results  of  the  present 
work  are  discussed  based  on  the  results  of  a  quasi-chemical  analysis.  This  yielded  that  the  re¬ 
sults  of  annealing  depends  essentially  on  both  the  conditions  of  the  experiment  and  the  initial 
imperfection  of  the  crystal.  The  most  probable  native  structural  defects  becoming  apparent 
under  the  annealing  were  the  following:  for  CdSnAsz  -  Sricd,  Va..;  for  CdGeAs2  -  Va^  ,  Vcd,  Cd<ie, 
Gecd;  for  CdSiAss  -  Sus,  Vas  ;  for  CdSiP2  -  Vcd,  Vp;  for  ZnGePz  -  Znce,  Gez.„  Vzn,  Vp;  and  for  ZnSnPi 
-  Zn.sn,  Snz,„  Vzn,  Vp. 


INTRODUCTION 

There  is  great  interest  in  the  ternary  compounds  II-IV-V2  (especially  CdGeAs2  and 
ZnGePi)  because  of  their  unique  properties,  among  them  their  use  as  NLO  converters  for  mid 
IR  range  radiation  [1,2].  The  widespread  practical  use  of  these  materials  is  limited  by  the 
presence  of  absorption  bands  in  their  transparency  range.  These  absorption  bands  are  linked  to 
deep  level  native  defects  [3-6].  For  successful  suppression  of  the  undesirable  influences  of 
these  defects  on  the  properties  of  the  material,  it  is  necessary  to  define  their  nature.  So  far 
there  have  not  been  solutions  of  this  task  acceptable  to  all.  Experiments  on  the  influence  of 
annealing  in  the  vapor  of  volatile  components  on  semiconductor  electrophysical  parameters 
may  be  rather  informative  in  this  respect.  In  this  work  research  of  such  kind  applied  to  n- 
CdSnAs2,  n-  and  p-CdGeAs2  and  p-ZnGeP2  was  iulfilled  by  the  method  of  "frozen  reactions". 

EXPERIMENTAL  RESULTS 

In  the  case  of  n-CdSnAs2  the  dependence  of  electron  concentrations  on  vapor  pressure  ap¬ 
pear  as  curves  with  a  minimum,  the  depth  and  position  of  which  on  the  time  axis  were  defined 
by  defect  parameters  of  the  initial  sample.  This  completely  agrees  with  [8].  As  it  was  re¬ 
ported  in  [9,  10],  the  hole  concentration  increased  in  p-CdGeAs2  with  the  lapse  of  time  under 
annealing  in  As- vapor  and  went  to  saturation  at  a  level  about  p  ~  lO'^  cm'^  under  annealing 
times  -  150  hours.  The  electron  concentration  increased  in  n-CdGeAs2  with  the  lapse  of  time 
under  annealing  in  Cd-vapor  and  went  to  saturation  at  a  level  about  n  ~  lO"^  cm'^  under  an¬ 
nealing  times  ~  100  hours  [9].  As  to  ZnGeP2,  it  was  reported  in  the  work  [11]  that  the  hole 
concentration  in  the  material  increased  with  increase  of  phosphorus  pressure  during  synthesis 


265 


of  the  compound.  According  to  data  of  other  works,  for  example,  f  1 2- 1 7],  annealing  in  pho.s- 
phorus  vapor  reduces  the  hole  concentration  (down  to  p-n  conversion  of  the  conductivity 
type).  The  results  of  the  present  work  on  annealing  in  the  vapor  of  volatile  components  (satu¬ 
rated  vapor  under  pure  Cd  or  As  at  the  temperature  of  the  annealing  for  CdGeAs2 )  are  pre- 
.sented  in  Figures  1  -  4. 


Figure  1.  Dependence  of  concentration  ( 1 ,  2,  3)  and  mobility  ( 1  2\  3’)  of  charge  carriers  in 
ZnGeP.  on  pressure  of  Zn;  K:  l-l  173;  2-1223;  3-1273;  hours:  l-l  10;  2-75;  3 

-  45;  a)  material  grown  from  stoichiometric  melt  under  increased  P-pressure;  b)  material 
grown  from  a  melt  containing  excess  Zn 


a)  b) 

Figure  2.  Dependence  of  concentration  (1)  and  mobility  (2)  of  charge  carriers  in  ZnGcP>  on 
pressure  of  phosphorus;  Tanneaiini*  =  1 173  K;  t;,n„eaii„j;  =100  hours;  a)  material  grown  from 
stoichiometiic  melt  under  increased  P-pressurc;  b)  material  grown  from  a  melt  containing  ex¬ 
cess  Zn 
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a)  b) 

Figure  3.  Influence  of  annealing  in  AS4  on  parameters  of  CdGeAs^;  empty  symbols  -  tempera¬ 
ture  dependence  of  initial  parameters  (n<,,  po ,  po,  po);  filled  symbols  -  parameters  after  anneal¬ 
ing  at  Tann  =  V73  K;  square  -  concentration,  circle  -  specific  resistance,  triangle  -  mobility;  a) 
n-type,  ta,,,,  =384  hours;  b)  p-type,  tanni  =190  hours,  tann2  =384  hours 
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a)  b) 

Figure  4.  Influence  of  annealing  in  cadmium  (saturated  vapor  under  pure  Cd  at  773  K  )  on 
electrophysical  parameters  of  CdGeAs2;  empty  symbols  -  temperature  dependence  of  initial  pa¬ 
rameters  (no,  Po ,  Po,  po);  filled  symbols  -  temperature  dependence  of  parameters  after  anneal¬ 
ing  at  T=773  K;  square  -  hole  concentration  ,  circle  -  specific  resistance,  triangle  -  hole  mobil¬ 
ity;  a)  n-type,  tann  =190  hours;  b)  p-type,  tanni  =  30  hours; ,  tann2  =  90  hours 


SCHEME  OF  QUASI-CHEMICAL  ANALYSIS 

The  processes  of  formation  and  interaction  of  point  defects  in  semiconductors  II-IV-V2, 
and  also  the  processes  of  interaction  of  the  crystals  with  a  gas  phase,  may  be  described  as  a 
system  of  quasi-chemical  reactions.  The  following  processes  were  taken  into  consideration. 
Formation  of  Schottky  defects  (The  Kroger  designations  [7]  are  used  here  and  further) 

Oo  v;;2+V^4+2V^,  (1) 
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Formation  of  Frenkel  defects 


(A^B-'d)"^  « SV-,  +8Bf''  +(aXsCI}1 

(A^B‘'d£  5V^,  +8cf  +(A2B''d.6)’' 


Formation  processes  of  disorder  defects  in  a  common  form 

M"";!  +  V^'iN  O  M’';n  (3) 

Interaction  processes  of  crystals  with  a  gas  phase  using  the  non-volatility  of  the  elements  S'* 

(Si,  Ge  and  Sn)  approximation 

(A'B'‘d)2«5A2'{g)  +  25/4d"(g)  +  (Af.5B^d,|.8i)2 

2/4cf(g)o2d,%v;3+v;4  (4) 

A2’'(g)<^A^,’‘  +  V^4+2V^, 

Applying  the  law  of  mass  action  to  the  quasi-chemical  reactions  and  solving  the  obtained  set  of 
equations  with  respect  to  concentration  of  a  given  point  defect  under  a  choice  of  vapor  pres¬ 
sure  of  one  of  the  volatile  components  p^o  or  p^^,  as  an  independent  variable  (for  tempera¬ 
tures  at  which  component  C*'  exists  mainly  as  four-atom  molecules  in  a  gas  phase)  yields  the 
following  expressions 

(Nr)=K„(p^;)'''  and  |Nri=K,  ,  (5) 

where  [  Nj'  ]  is  the  concentration  of  neutral  defects  of  i  -type,  K^.i  are  constants  at  a  given 
temperature,  ,  pj  are  constants  from  the  table  I 


Table  I.  Exponents  a,  or  p,  in  dependencies  of  concentrations  of  neutral  native  point  defects 
in  semiconductors  upon  pressure  of  volatile  components  p^2  or  p^,  respectively 
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-1 
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1/2 

-1 
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-1/2 

Applying  the  law  of  mass  action  to  the  quasi-chemica!  react  ions  of  ionization  of  neutral  native 
point  defects  of  the  type 
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Af  <->  Ai  +  h  or  Df  Di  +e 


yields  a  set  of  equations 


1. v^,p=K,-v;:, 

2.  V3..p  =  K..V3^ 

3.  V^5-n  =  K3'V^5 

4.  Af  ■n  =  K4-Af 


5.  Bf  ■n  =  K5  Bf 


6.  Cf  •p  =  K6-Cf 


7.  A2;-p  =  KrA^4 

8.  a2;-p  =  k,.a2,’' 

9.  B^  p  =  K,-bJ,,'' 

10.  B^;-n  =  K,o-B^/ 

11.  C^^3'-n  =  K„.c5^/ 

12.  C=4  ■n  =  K,2-C’4“‘ 


Adding  to  the  given  system  written  in  a  common  form  as 

Aj  •  p  =  Ki‘  Aj  or  Dj  *  n  =Ki*  Dj  , 
the  equation  for  equilibrium  concentration  of  electrons  and  holes 


n-p  =  Ki4  , 


and  also  the  equation  of  an  electroneutrality 


v;,2+V„4+Cf  +AL'  +  A2:+B;!,5  +  n=  V„5+Af+B;*+B%  +C^  +€^34 +P  , 


2  I  ■d4  ,  -D^-  I  /^5  ,  r^5 


and  solving  the  obtained  system  with  respect  to  concentration  of  free  charge  carriers  using 
data  from  table  I,  we  obtain  dependencies  of  free  electron  concentration  (free  hole  concentra¬ 
tion)  upon  pressure  of  volatile  components,  such  as  (8)  and  (9). 

2  +  +  K5’+K|o’pJ{|  H-Kii’p^"^ -|-Ki2'pJ5 +  Ki4 

Ki"pJ.?  4-K2"+K6"pJ{|  -i-K7"p^P -i-Kg"p^5^'^ -l-Kg’'p^y'^ -Hi 

where  Ki'  =  Ki  •  Kj ,  Ki  =  K|  •  Ki  /  Kw ,  Ki  from  (5). 

K|  "pj;!?  +  K2"+K6"p;.'?  +  KV'p-y^  +  Kg’-p^l''' +  Kp-p^"  +  K,/ 

KVp-i'''  +  K4'p-P  +  K5'+K,o'p^?  +  K,,'p^^'+K,2'p;{^  +  K,4 

where  K,'  =  Ki  ■  K, ,  Ki"  =  Kr  Ki  •  Kw ,  Ki  from  (5). 

Analysis  of  the  obtained  dependencies  of  the  equilibrium  concentration  of  free  charge  carri¬ 
ers  on  pressure  yields  the  following  conclusions: 

Increase  of  pressure  of  the  component  in  a  system  leads  to 

a)  increase  in  concentration  of  the  donors,  connected  with  disorder,  that  is  Ba,  Ca,  Cb  ; 
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b)  decrease  in  concentration  of  the  donors,  connected  with  vacancies  of  an  anion  and  intersti¬ 
tial  cations,  that  is  V^,  Aj; 

c)  increase  in  concentration  of  acceptors,  connected  with  vacancies  in  the  cation  sublattice  and 
interstitial  anions,  that  is  Va,  Q; 

d)  decrease  in  concentration  of  acceptors,  connected  with  disorder,  that  is  Ab,  Ac,  Be. 
Therefore,  it  is  most  probable  that  the  experimentally  observed  (for  example,  from  measure¬ 
ments  of  the  Hall  effect  on  samples  after  annealing  under  high  pressure  of  one  of  the  volatile 
constituents)  shift  of  carrier  concentration  in  the  direction  of  n-type  conductivity  with  a  simul¬ 
taneous  decrease  in  mobility  corresponds  to  the  situation  a);  the  experimentally  observed  shift 
of  carrier  concentration  in  the  direction  of  p-type  conductivity  with  a  simultaneous  increase  in 
mobility  corresponds  to  the  situation  b);  the  shift  in  carrier  concentration  in  the  direction  of  p- 
lype  with  a  simultaneous  decrease  of  mobility  corresponds  to  the  situation  c);  the  shift  in  car¬ 
rier  concentration  in  the  direction  of  n-type  with  a  simultaneous  increase  of  mobility  corre¬ 
sponds  to  the  situation  d).  Designating  by  T,  the  increase  in  defect  concentration  and  by  4-, 
the  decrease  in  defect  concentration,  the  results  of  the  analysis  may  be  presented  as  the  follow¬ 
ing  schemes: 


Table  II.  The  scheme  of  the  correspondence  of  experimentally  observed  shift  of  charge  carri¬ 
ers  concentration  and  mobility  (a  case  of  primary  ion  scattering)  to  a  change  of  concentration 
of  native  structural  defects  after  annealing  under  high  pressure  of  or  A* 
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QUASI-CHEMICAL  ANALYSIS  OF  EXPERIMENTAL  DATA 

The  results  of  a  change  in  electrophysical  parameters  under  the  heat  treatment  of  some  II- 
IV-V2  crystals  in  the  vapor  of  volatile  constituents,  obtained  in  the  present  work  and  taken 
from  the  literature,  are  analyzed  by  correlating  the  experimentally  observed  shift  of  charge  car¬ 
rier  concentration  and  mobility  (a  case  of  primary  ion  scattering)  to  a  change  of  concentration 
in  native  structural  defects  after  annealing  under  high  pressure  of  C*"  or  A“  from  table  III.  The 
results  of  the  analysis  arc  given  in  tables  III  and  IV. 

For  CdSnAs:  the  presence  of  two  types  of  donors  results  from  the  existence  of  two  time- 
stages  of  annealing  in  vapor  of  the  both  volatile  components.  The  first  annealing  time-stage  of 
n-CdSnAs2  (decrease  of  electron  concentration  with  sharp  increase  of  electron  mobility  during 
annealing  in  As-vapor)  is  defined  as  a  fast  processes,  (for  instance,  corresponding  to  the  equa¬ 
tions  3,  4  of  system  (7))  and  connected  mainly  with  the  decrease  in  concentration  of  donor  va¬ 
cancies  [Vas].  The  second  stage  changes  (increase  of  electron  concentration  during  annealing 
in  As-vapor)  are  affected  by  competitive  slower  processes  (for  instance,  corresponding  to  the 
equations  10  -  12  of  system  (7)),  connected  with  modifications  of  disorder  defect  concentra¬ 
tion.  Under  annealing  in  Cd-vapor  the  .stages  traded  places. 
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Literature  data  and  the  results  of  the  present  work  concerning  ZnGeP2  testily  that  the  con¬ 
ditions  of  the  chemical  and  thermal  history  of  ZnGeP2  crystals  (chemical  composition  of  a 
melt,  composition  and  pressure  in  a  growth  technological  system  etc.)  have  much  influence  on 
concentrations  of  native  structural  defects  and,  because  of  that,  on  properties  and  behavior  of 
ZnGeP2  under  further  treatments.  As  follows  from  figures  1,  2  and  from  the  analysis  the  crys¬ 
tals  ZnGeP2  with  different  “previous  history”  have  a  different  ensemble  of  native  structural  de¬ 
fects  and  react  differently  on  an  annealing  in  vapor  of  volatile  components. 

For  ZnGeP2  ,the  presence  of  both  vacancies  (in  the  present  work  for  ZnGeP2<  P>,  when  [Vp], 
probably  less  than  equiUbrium  concentration  for  conditions  of  annealing  in  Zn-vapor)  and  dis¬ 
order  defects  in  the  cation  sublattice  (in  the  present  work  for  ZnGeP2  <  Zn>)  were  observed. 

For  CdGeAs2  the  presence  of  at  least  two  native  acceptors  has  been  observed  in  experi¬ 
ments  utilizing  radiation  damage,  magnetic  resonance  and  thermal  admittance  spectroscopy 
[20].  As  follows  from  Figures  3,  4  the  annealing  of  n-CdGeAs2 ,  in  both  As  atmosphere  and  Cd 
atmosphere,  yielded  a  diminution  of  electron  concentration.  In  the  first  case  it  was  accompa¬ 
nied  by  a  diminution  of  mobility  (p),  in  the  second  case  it  was  accompanied  by  magnification 
of  p.  In  the  approximation  of  the  scheme  used  in  table  I,  it  corresponds  to  1)  magnification  of 
concentration  Vcd  (and,  probably,  Asi),  2)  diminution  of  concentration  of  disorder  defects 
such  as  Gecd.  We  note  that  annealing  in  Cd  vapor,  carried  out  by  the  authors  of  work  [9],  on 
n-CdGeAs2  at  Tanneai  =400  ”C,  led  to  (from  ~2-10'^  cm'^  to  ~810'^  cm'^)  the  increase  in  the 
electron  concentration.  Probably,  the  less  than  100  °C  annealing  temperature  in  experiment 

[9]  was  the  reason  for  the  smaller  activity  of  disorder  defects.  The  annealing  processes  were 
defined  by  an  extreme  modification  of  the  concentration  of  vacancies  and  led  to  a  sharp  in¬ 
crease  in  electron  concentration  due  to  a  lack  of  a  competing  process,  giving  an  opposite  out¬ 
come.  In  the  annealing  of  p-CdGeAs2,  a  simultaneous  course  of  several  competing  processes 
is  also  observed.  The  initial  annealing  stage  (30  hours  in  As4  vapour)  gave  p-n  conversion  of 
conductivity  of  samples  under  study  (from  p  ~710’‘‘‘  cm‘^ ,  p~290  cm^A^  s  to  n  ~  810**'  cm  ^ 
p~2800  cm^A^  s  at  T  n,eas~  290  K  ,and  n  ~  510''  cm^  p~3900  cm^A^  s  at  T  „,eas~  95  K).  Us¬ 
ing  the  same  approximations  as  in  table  I,  the  concentration  of  disorder  defects  (Cdoe  Gecd 
t)  increases,  or  it  is  explained  by  uncontrollable  doping  of  the  samples  (for  example,  by  O2). 
The  outcomes  of  long  annealing  of  p-CdGeAs2  in  AS4  are  presented  in  figure  3  b).  The  in¬ 
crease  in  hole  concentration  with  respective  change  in  mobility  corresponds  to  a  stage  of  190 
hours  of  annealing.  It  can  be  described  by  the  increase  of  [Vai]  and  the  decrease  of  [Vas].  The 
stage  of  384  hours  is  characterized  by  an  outcome  (p  i,  jtl  i).  That  can  mean  a  prevalence  of 
the  first  process  (Geai  t).  Similar  experiments  on  annealing  of  p-CdGeAs2  in  As4  vapor  were 
carried  out  by  the  authors  [9,  10],  In  this  case  the  annealing  temperature  differed  less  (450  ”C 

[10]  and  520  “C  [9]).  However,  the  influence  of  the  process,  defined  by  disorder  defects, 
which  were  observed  in  the  work  [9,  10]  are  lacking.  Probably,  it  is  possible  to  assume,  that  in 
this  case  the  initial  imperfection  of  samples  under  study  plays  a  key  role.  A  different  imperfec¬ 
tion  caused  different  routes  and  different  times,  necessary  for  reaching  an  equilibrium  condi¬ 
tion.  From  an  analysis  of  the  observed  modifications  of  electrophysical  parameters,  associ¬ 
ated  with  annealing  of  p-CdGeAs2  in  Cd,  we  can  approximate  the  influence  of  processes  con¬ 
nected  with  disorder  defects  as  follows.  Such  processes  as  Ab  t,  Ac  t ,  Be  T  and  Ba  i  ,  Ca  i 

,  Cb  i  play  a  defining  role.  Thus,  after  annealing  of  n-  and  p-CdGeAs2  under  high  pressure  of 
the  volatile  components,  we  observed  the  influence  of  such  native  defects  as  Vcd,  Vas,  Cdoe, 
Gecd.  We  note  that  annealing  in  the  vapor  of  the  element  A"  (Cd)  was  difficult  because  of  the 
high  chemical  activity  of  the  element  A"  in  relation  to  a  surface  of  crystals  A  B  C^;2 .  This 
caused  formation  of  surface  layers  of  a  different  chemical  nature. 


271 


Table  III.  The  results  of  the  quasi-chemical  analysis  of  experimental  data  of  the  present  work 
and  also  literary  data  on  annealing  in  vapour  of  volatile  components  for  some  II-IV-V2 
(The  data  of  the  present  work  arc  marked  by  an  asterisk) 


Compound 

Annealing 
in  vapour 

Observed  change 

Responsible  native  defects 

CdSnAs. 

c- 

l)n4.pTnT[8].[*l 

Vci,  Aii 

C' 

2)  n  T  p  i  p  i  [8],[*] 

BaT.CaT.CbT 

A‘ 

OnipTpT  [8],[*] 

Ba  i  ,  Ca  i  ,  Cb  i 

A- 

2)  n  T  p  i  p  i  [8],[*] 

Vc  T.aT 

CdGeAs: 

C' 

1)  n  i  pT  p  T  [10,  9],[*] 

V(.  i  ,  Aj  i 

c- 

2)  n  i  p  T  p  i  [*] 

Va  T ,  Q  T 

c' 

3)n  t  pip?[*] 

Aji  -L,  A(-  J- ,  B('  ■1- 
Ba  T.CaT.CbT 

A* 

l)nTpip?flO],  [*] 

Vc  t ,  Ai  T  or  VaX,  Cii 

A" 

2)  n  J.  p  t  p  T  [=^] 

Ba  i  ,  Ca  i  ,  Cb  i 

A- 

3)  n  >1  p  t  p  i  [*] 

An  T,  A('  T  ,  Be  T 

CdSiAs: 

C' 

l)nipT  pT[ll,18] 

V(-i,  Aii 

c' 

2)  n  T  p  nI  p  t  [  1 1  ] 

An  i,  Af-  i  ,  Bf  i 

A' 

l)nT  p-ipi[ll,18] 

Vet  ,  Ait 

A- 

2)  n  i  p  T  p  i  f  1 1 1 

An  T,  Art,  Bet 

CdSiP: 

C' 

nipTp?[15] 

Vr  T.  Ait,  Va  J.,  CiJ. 

ZnGeP. 

c' 

n  i  p  T  p  ?  [11] 

Vr  T,  Ai  T,  Va  i,  Ci  4. 

A= 

n  xl  p  T  p  T  [12] 

Ba  i  ,  Ca  i  ,  Cr  i 

n  T  p  i  p  T  [12] 

Ar  i,  Ae  i  ,  Be  i 

A' 

niptp?  [13-17] 

disorder  defects 

C' 

nt  pip?  [13-17] 

disorder  defects 

ZnGeP2<P> 

A^ 

n  t  p  i  p  i  [=>=] 

VrT,A,T 

C' 

n  i  p  T  p  T  [*] 

Ve  i  ,  Ai  i 

ZnGep2<Zn> 

A- 

n  i  p  T  p  i  [*] 

Ar  T,  Ac  t  ,  Be  t 

n  T  p  i  P  T  [*] 

Ar  i,  Ae  i  ,  Be  i 

ZnSnP: 

A- 

1)  n  i  p  T  p  T  [19] 

Ba  i  ,  Ca  i  ,  Cr  i 

A" 

2)nTpipi  [19] 

Vrt,  Ait 

C' 

1 )  n  T  p  i  p  T  [  1 9] 

Ar  i,  Ae  i  ,  Be  i 

C' 

2)nipTpi[I9] 

VaT.gT 

Table  IV.  The  most  probable  native  structural  defects  in  some  exhibited  under  heat 

treatment  in  vapor  of  volatile  constituents  and  satisfying  to  the  Humc-Rothery  criterion 


Compound 

CdSnAs: 

CdGcAsz 

CdSiAsz 

CdSiP. 

ZnGcPz 

ZnSnPi 

Defects 

Sned,  Vas 

Vax,  Vc-d, 
Cdc;,;,  Ge(  d 

SIas.  Vas 

V(-d,  Vp 

Zncc,  Gc/n, 
Vz„,  Vr 

Zn.sn,  Znp,  Sn/n, 
Pzn,  Vz,„  Vr 
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CONCLUSIONS 


1.  Experiments  on  annealing  of  CdGeAsa-,  CdSnAsj-  and  ZnGeP2-crystals  in  the  vapor  of 
volatile  constituents  were  carried  out.  Conductivity  and  Hall  effect  measurements  were  per¬ 
formed  to  characterize  the  modification  of  electrical  properties,  caused  by  interaction  of  the 
crystal  with  the  gas  phase  during  the  annealing. 

2.  A  scheme  for  correlating  the  experimentally  observed  shifts  of  charge  carrier  concentration 
and  mobility  (a  case  of  primary  ion  scattering)  to  a  change  in  concentration  of  native  structural 
defects  after  annealing  under  high  pressure  of  C^  or  A^  based  on  quasi-chemical  analyses  was 
presented. 

3.  The  literature  data  and  results  of  the  present  work  on  the  annealing  were  discussed  based 
on  the  results  of  a  quasi-chemical  analysis. 

4.  It  was  noted  that  the  outcomes  of  the  annealing  essentially  depend  on  both  the  initial  im¬ 
perfections  of  the  crystal  and  the  conditions  of  the  experiment  as  they  define  the  route  and 
time  of  reaching  an  equilibrium.. 

5.  For  some  II-IV-V2  the  most  probable  native  structural  defects  becoming  apparent  under 
heat  treatment  in  the  vapor  of  volatile  constituents  and  satisfying  to  the  Hume-Rothery  crite¬ 
rion  were  the  following:  For  CdSnAsi  -  Sncd,  Vas;  for  CdGeAsi  -  Vas  ,  Vcd,  Cdoe,  Gecd’,  for  CdSiAs2 
-  SiAs,  Vas  ;  for  CdSiP2  -  Vcd,  Vp;  for  ZnGeP2  -  Znoe,  Gez„,  Vzn,  Vp;  for  ZnSnp2-  Znsn,  Snzn,  Vzn,  Vp.- 
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ABSTRACT 

There  is  a  recent,  renewed  attention  on  the  possible  development  of  optical  emitters  compatible 
with  silicon  microelectronic  technology  and  it  has  been  recently  shown  that  light  emitting  diodes 
could  be  manufactured  on  dislocated  silicon,  where  dislocations  were  generated  by  plastic 
deformation  or  ion  implantation.  Among  other  potential  sources  of  room  temperature  light 
emission,  compatible  with  standard  silicon-based  ULSI  technology,  we  have  studied  old  thermal 
donors  (OTD),  as  the  origin  of  their  luminescence  is  still  matter  of  controversy  and  demands 
further  investigation. 

In  this  work  we  discuss  the  results  of  a  spectroscopical  study  of  OTD  using  photoluminescence 
(PL)  and  Deep  Level  Transient  Spectroscopy  (DLTS)  on  standard  Czochralsky  (Cz)  silicon 
samples  and  on  carbon-doped  samples. 

We  were  able  to  show  that  their  main  optical  activity,  which  consists  of  a  narrow  band  at  0.767 
eV  (  P  line),  is  correlated  to  a  transition  from  a  shallow  donor  level  of  OTD  to  a  deep  level  at 
Ev+0.37  eV  which  is  tentatively  associated  to  C-O  complexes.  As  we  have  shown  that  the  P  line 
emission  persists  at  room  temperature,  we  discuss  about  its  potentialities  to  silicon  in 
optoelectronic  applications. 

INTRODUCTION 

It  is  well  known  that  a  long  dwelling  at  temperatures  around  450°C  during  the  cooling  cycle  of 
large  diameter,  crucible  grown,  oxygen-rich  Cz  silicon  or  any  thermal  annealing  of  Cz  silicon  in 
the  same  temperatures  range,  leads  to  the  generation  of  oxygen  related  donors,  often  referred  as 
Old  Thermal  Donors  (OTD),  to  distinguish  them  from  other  types  of  thermal  donors  that  can  be 
formed  in  the  temperature  range  600-700  °C  and  today  known  as  New  Thermal  Donors  (NTD). 
Since  their  discovery  generations  of  investigators  addressed  their  studies  to  the  microscopic 
structure,  the  growth  and  decomposition  kinetics  as  well  as  the  electrical  and  optical  properties 
of  OTDs,  using  all  the  techniques  suitable  for  the  study  of  electrically  and  optically  active, 
paramagnetic  centres. 

In  spite  of  many  thousands  (around  19000)  of  papers  published  on  the  topic,  which  make  of  the 
OTDs  one  of  the  most  studied  defect  centres  in  semiconductors,  and  whose  properties  have  been 
recently  reviewed  by  Newman  [1]  a  defect  model  which  consistently  explains  all  their  features, 
including  their  optical  properties,  is  still  lacking. 

In  fact,  while  it  is  well  known  that  oxygen  rich  silicon  annealed  at  450  °C  for  several  hours 
exhibits  a  prominent  photoluminescence  spectrum  with  a  narrow  no-phonon  line  at  0.767  eV, 
generally  labelled  P  line  [2],  a  direct  proof  that  oxygen  is  incorporated  in  the  centre  has  not  yet 
been  given.  Furthermore,  PL  measurements  have  cast  doubts  on  a  simple  relationship  between 
thermal  donors  and  the  P  line  [3].  Eventually,  a  carbon  isotopic  effect  experimentally  determined 
in  the  P  line  shows  a  possible  involvement  of  carbon-oxygen  complexes  in  the  defect  involved 
in  the  P  line  luminescence  [2]. 
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In  this  work  we  will  present  and  discuss  the  results  of  a  systematic  study  of  the 
photoluminescence  properties  of  old  thermal  donors,  carried  out  on  carbon-lean  and  carbon- 
doped  Cz  samples,  with  the  aim  looking  to  possible  applications  of  the  P-line  in  optoelectronic 
applications. 

EXPERIMENTAL 

In  the  experiments  the  following  samples  were  examined: 

( 1 )  n  -type  (  p  =3,5-5  Ohm  cm)  ( 1 00)  Cz  silicon  samples  with  oxygen  concentration  of  1 8 
ppma,  carbon  content  below  the  FTIR  detection  limits  (<0. 1  ppma  )  (kindly  supplied  by 
MEMC  Electronic  Materials,  Italy).  These  samples  are  designed  as  CzM, 

(2)  n-  type  {p=  18-15  Ohm  cm)  (100)  Czochralski  grown  silicon  doped  with  carbon  during 
the  growth  process  (kindly  supplied  by  Institute  for  Material  Science  Research  of 
Sendai,  Japan)  [O]  =  24  ppma  ,  [CJ=  1  ppma  .  These  samples  are  designed  as  CzJ. 

The  samples  were  treated  for  times  variable  from  8  to  100  hours  at  470°C  in  order  to  induce 
the  thermal  donors  generation,  while  their  dissolution  has  been  achieved  by  thermal  treatment  at 
650  °C  for  10‘.  Prior  to  thermal  treatments,  the  samples  were  CP4  and  RCA  etched  and  then 
were  closed  under  vacuum  in  quartz  ampoules.  The  oxygen  losses  resulting  from  the  annealing 
are  deduced  from  room  temperature  FTIR  measurements.  The  resistivity  of  all  the  samples, 
before  and  after  any  thermal  treatments  has  been  measured  for  OTD  concentration 
determination  according  the  ASTM  procedure  F  723-88.  The  values  of  diffusion  length  of 
minority  carriers  were  measured  by  the  Surface  Photovoltagc  technique.  Details  are  reported  in 
[4].  The  photoluminescence  (PL)  spectra  of  both  sets  of  samples  were  recorded  with  a  spectral 
resolution  of  6  nm  (AE=4  meV),  using  standard  lock-in  techniques  in  conjunction  with  a  grating 
monochromator  and  InGaAs  as  a  detector.  For  the  excitation,  a  quantum  well  laser  (A,=808  nm) 
was  used.  The  measurements  were  performed  in  the  temperature  range  12  -300  K.  Standard 
DLTS  measurements  have  been  performed  by  means  of  a  SULA  Tech.  Inc.  instrumentation.  The 
temperature  has  been  varied  from  the  liquid  nitrogen  temperature  to  350  K  with  reverse  bias 
ranging  from  -4V  to  0  and  a  pulse  width  from  1  to  10ms. 

Minority  carrier  traps  have  been  detected  by  minority  carrier  transient  spectroscopy  (MCTS). 
MCTS  is  a  technique  that  measures  the  capture  and  emission  of  minority  carriers  at  deep  states 
within  the  band  gap.  In  this  technique  injection  of  carriers  is  by  a  light  pulse  of  above-band-gap 
radiation  incident  on  a  semitransparent  Schottky  diode.  During  the  measurement  the  controlling 
excess  carrier  species  are  minority  carriers,  generated  behind  the  depletion  region  by  optical 
excitation  while  the  sample  is  held  under  rever.se  bias.  The  electric  field  in  the  depletion  region 
excludes  majority  carriers.  Photogenerated  minority  carriers  created  within  a  diffusion  length 
from  the  depletion  region  may  then  enter  the  depletion  region  and  be  available  for  capture. 
Schottky  diode  under  test  is  maintained  at  a  constant  value  of  applied  reverse  bias,  in  our  case 
4V. 


RESULTS 
CzM  samples 

The  effect  of  annealing  time  at  470  °C  on  the  concentration  of  interstitial  oxygen  [Oi],  and  of 
OTDs  is  displayed  in  Figgs.  1  and  2  while  the  time  evolution  of  the  diffusion  length  is  reported 
in  Fig.3. 
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As  it  is  expected  from  earlier  literature  data,  the  concentration  of  OTDs  increases  almost  linearly 
with  the  annealing  time.  Moreover,  this  increase  is  associated  to  a  decrease  of  the  diffusion 
length  (see  Fig.3),  which  saturates  after  about  20  hr.  The  photoluminescence  spectra  of  these 
samples,  collected  after  different  annealing  times  at  470°C,  present  common  features,  as  it  is 
shown  in  Fig.  4,  which  reports  a  typical  spectrum.  In  fact,  a  very  intense  P  line  is  always  present, 
together  with  two  weak  signals  known  in  literature  [2,5]  as  the  C  line  at  0.789  eV  and  the  H  line 
at  0.925  eV  and  the  band  edge  luminescence  at  1.1  eV. 

While  the  energy  position  of  the  P  line  has  been  verified  to  remain  unaltered  at  increasing 
annealing  times  and  by  increasing  the  laser  power  within  four  orders  of  magnitude  (from  0.02 
mW  to  60  mW),  its  intensity  shows  a  typical  trend,  with  the  duration  of  the  heat  treatment. 


Figure  1.  Evolution  of  the  concentration  of  the  Figure  2.  Evolution  of  the  OTD  concentration 

interstitial  oxygen  with  the  annealing  time  at  with  the  annealing  time  at  470°C  (  ^  CzM 

470°C  (  □  CzM  sample,  a  CzJ  sample).  sample,  A  CzJ  sample). 


Figure  3.  Evolution  of  diffusion  length  of  Figure  4.  PL  spectrum  of  a  CzM  sample 

minority  carriers  with  the  annealing  time  after  an  annealing  at  470  °C  for  24  h 

at  470  °C  in  the  CzM  sample.  (T=  12  K,  P  =  6W/cm^  AE=4  meV  ). 
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The  intensity  of  the  P  line,  increases,  in  fact,  up  to  a  maximum  after  about  25  hr,  and  then 
decreases  for  thermal  treatments  of  longer  duration,  as  shown  in  Fig.5 
It  is  worth  to  remark  that  this  behaviour  is  largely  uncorrelated  with  the  total  concentration  of 
OTDs,  which  increases  steadily  (see  Fig.  2),  but  follows  almost  exactly  the  behaviour  of  the  PL 
intensity  of  the  OTD-bound  exciton  emission  in  the  TO  region  and  the  concentration  of  the  NL8 
donor ,  which  both  peak  in  fact  at  about  20  hours,  as  reported  by  Liesert  et.  [6]  and  Newman  [1]. 
It  is  rather  interesting,  and  never  cited  in  literature,  that  the  decrease  of  the  diffusion  length  with 
the  annealing  time  saturates  in  correspondence  of  the  maximum  of  the  P-linc  intensity,  indicating 
a  common  trend  with  density  of  recombination  centres  and  the  intensity  of  the  P-line.  It  is 
important  to  note  that  the  intensities  of  the  C  and  H  lines  remain  instead  constant  with  the  entire 
duration  of  the  heat  treatment. 


Figure  5.  Evolution  of  the  intensity  of  the  P  Figure  6.  Typical  photoluminescence 
line  with  the  annealing  time  at  470  °C  (  •  spectrum  of  OTDs  at  room  temperature  (  P= 

CzM  sample,  CzJ  sample  ).  The  curves  6W/cm^  AE=4  meV  ). 

through  the  points  arc  a  guide  for  the  eyes. 


The  P  line  signal  persists  up  to  room  temperature  with  a  substantial  decrease  in  intensity  and  an 
almost  constant  ratio  with  the  band  edge  luminescence,  as  it  is  shown  in  Fig.  6.  The  thermal 
quenching  occurs  at  temperatures  above  50  K  with  a  thermal  dissociation  energy  of  31  meV 
(see  Fig.  7.a).  An  increa.se  of  the  P  line  intensity  is  observed  between  12  and  30  K  (see  Fig.  7.b), 
in  agreement  to  previous  results  of  Davies  [7]  who  explains  this  behaviour  as  a  result  of 
competition  between  the  optical  centres  and  other  (shallow)  traps.  With  increasing  temperature 
the  excitons  freed  from  the  traps  become  available  for  capture  by  photolumincscence  centres. 
Table  I  di.splays  the  DLTS  and  MCTS  results  where  only  the  traps  present  after  the  thermal 
treatment  for  24  h  and  64  h  are  reported.  From  this  table  we  can  observe  the  set-up  of  a  shallow 
level  at  Ec-0.015  eV  (related  to  thermal  donors)  after  24  hr,  which  permains  after  64  h  as  well  as 
two  deep  levels  at  Ec-0.33  and  Ec-0.34  of  which  one  sets  up  after  64  h.  From  MCTS 
measurements  a  trap  at  Ev+0.37  eV  has  been  detected,  which  falls  very  clo.se  to  the  energy  of  the 
trap  observed  by  with  Hall  effect  measurements  [10]  in  similarly  prepared  samples. 
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Figure  7  a)  Thermal  quenching  of  the  P  line  b)  Temperature  dependence  of  the  P  line  in  10-60  K 
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Table  I  Summary  of  the  properties  of  the  majority  and  minority  carrier  traps  found  by  DLTS 
and  MCTS. 


As  it  could  be  observed  in  Figgs.  1  and  2  the  effect  of  annealing  on  [Oi],  and  OTD 
concentration  is  quite  different  with  respect  to  the  CzM  samples.  In  fact,  while  in  the  former 
samples  the  oxygen  concentration  remains  almost  constant  ( its  decrease  is  of  the  order  of  the 
donor  formed,  i.e.  less  than  1%  of  the  initial  oxygen  concentration)  with  the  annealing  time,  in 
these  samples  the  oxygen  concentration  decreases  down  to  5  ppma,  as  the  carbon  concentration 
does,  going  below  the  detection  limit.  This  can  be  easily  explained  by  considering  that  the 
presence  of  carbon  favours  the  oxygen  precipitation  as  oxide.  In  fact,  oxygen  per  se  requires  an 
excess  volume  to  segregate  as  an  oxide,  which  must  be  normally  delivered  either  by  vacancy 
absorption  or  self-interstitial  emission.  As  carbon  precipitation  is  as  well  volume  exigent,  its 
molar  volume  being  half  of  the  silicon  matrix,  the  simultaneous  presence  of  both  oxygen  and 
carbon  favours  [8]  their  co-precipitation. 
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It  should  be  however  remarked  that  the  concentration  of  carbon  in  these  samples  is  only  little  in 
excess  over  that  present  in  former  samples,  indicating  either  a  strong  catalytic  effect  or  some 
effect  associated  to  an  excess  of  IR- inactive  carbon  content  in  the  oxygen  segregation  processes . 
Another  striking  difference  is  the  total  amount  of  donors  formed,  which  is  always  in  defect  with 
respect  to  than  found  in  CzM  samples,  as  an  indication  that  the  overall  kinetics  of  OTD 
formation  is  influenced  by  the  simultaneous  occurring  of  the  oxygen  segregation. 

The  presence  of  carbon  has  also  a  striking  effect  on  the  features  of  PL  spectra,  as  it  is  shown  in 
Fig.8  ,  The  presence  of  a  broad  band  within  0.7  and  1 .0  eV  is  clearly  evident,  on  which  the  P,  C 
an  H  lines  [2,5]  are  superimposed,  together  with  a  multiplicity  of  other  emissions  of  minor 
intensity  and  a  .strong  band  edge  emission,  which  are  better  evidenced  while  removing  the  broad 
band  contribution  to  the  background,  as  it  is  shown  in  Fig.  9, 


«v 


Figure  8.  PL  spectrum  of  CzJ  heat  treated  at 
470°C  for  24h  (T=l  2  K  ,  P=  6W/cm^  AE  = 
4  meV ). 


liMcrjty  tc V  j 

Figure  9.  PL  spectra  of  sample  CzJ  TT  470  °C 
24  h  after  background  subtraction. 


Incidentally,  a  broad  band  in  the  same  energy  range  was  found  as  the  unique  PL  fingerprint  of 
the  segregation  of  oxide  nanoparticles  in  Cz  samples  annealed  at  650°C  for  64h  [9]. 

It  should  be  also  remarked  that  the  PL  intensity  of  the  P  line  is  quite  comparable  with  that 
observed  in  carbon-lean  samples,  in  spite  of  the  lesser  density  of  donors  formed  and  a  larger 
integral  radiative  emission  of  the  sample. 

The  difference  between  the  spectral  features  of  the  PL  in  CzM  and  CzJ  samples  can  be 
associated  to  the  .segregation  of  carbon  and  oxygen,  which  can  be  in  fact  monitored  by  optical 
micro.scopy  after  Schimmel  etching  (see  Fig.  10).  The  presence  of  precipitates  together  with 
dislocations,  where  the  last  do  however  not  manifest  their  presence  in  the  PL  spectra,  is  clearly 
evident  from  the  triangular  etch  pits. 

As  in  the  case  of  the  CzM  samples,  the  P  line  disappears  after  a  thermal  dissolution  treatment  at 
650  °C. 

The  evolution  of  the  intensity  of  the  P  line  in  CzJ  with  the  annealing  time  is  reported  in  Fig.  5, 
which  shows  a  substantial  agreement  with  the  behaviour  of  carbon-lean  samples,  both  in  the 
peak  energy  and  in  the  maximum  absolute  intensities. 
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Figure  10.  Optical  micrograph  of  Schimmel 
etched  sample  CzJ  TT  for  24  h  at  470  °C 
(x  1000). 

DISCUSSION 
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Figure  11.  Annealing-time  dependence  of  the 
OTD-bound  exciton  emission  band  intensity 
in  the  TO  region  for  various  boron  and 
aluminium  doped  silicon  crystal. 


The  interest  of  the  present  results  is  twofold,  concerning  both  the  physics  of  the  light  emission 
from  OTD  and  the  potentialities  of  the  OTDs  as  room  temperature  light  emitting  centres.  About 
the  first  issue,  some  main  key  points  come  from  this  work.  At  first,  a  shallow  donor  level  at  Ec- 
0.014  eV  and  a  deep  level  at  Ev+  0.37  eV  were  detected  by  DLTS  and  MCTS  measurements, 
where  the  second  falls  very  close  to  the  energy  of  the  trap  observed  by  with  Hall  effect 
measurements  [10]  in  similarly  prepared  samples.  The  annealing  time  dependence  of  the  P  line 
luminescence  follows  the  corresponding  evolution  of  the  NL8  donor  and  of  the  OTD-bound 
exciton  (see  Fig.  11)  observed  by  Liesert  et  al.  [6].  If  we  consider  that  the  P-line  emission 
correspond  to  a  radiative  transition  between  a  donor  level  at  Ec-0.0015  eV  and  the  deep  trap  at 
Ev-i-0.37  eV  we  could  fit  within  few  meV  the  P  line  emission  energy  at  0.767  eV,  and  conclude 


that  the  P  luminescence  originates  from  a  transition  from  a  OTD  level  to  a  deep  level 
corresponding  to  a  C-0  complexes,  as  already  proposed  by  some  of  us  in  a  former  article  [3]. 
About  the  second  issue,  we  have  demonstrated  that  OTDs  emit  light  at  room  temperature, 


although  with  a  hundredfold  decrease  of  intensity  with  respect  to  cryogenic  temperatures.  The 
comparable  values  of  the  thermal  dissociation  energy  (31  meV)  and  the  energy  of  the  shallow 
level  which  sets-up  with  the  annealing  at  470°C  and  which  is  involved  in  the  P-hne  transition, 
calls  for  a  quenching  mechanism  associated  to  the  thermal  donor  ionisation.  It  seems  therefore 
restricted  by  the  physics  of  the  PL  luminescence  processes  of  OTDs  in  carbon- lean  samples  and 
by  the  presence  of  non-radiative  recombination  centres  in  carbon-doped  samples  any  possible 
further  increase  of  the  PL  of  OTDs. 
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ABSTRACT 

Electron  non-radiative  recombination  process  of  photoexcited  carriers  in  as-grown  and  an¬ 
nealed  n-Alo.2Gao.8As/GaAs  hetero-structure  samples  are  investigated  by  using  a  piezoelectric 
photothermal  spectroscopy  (PPTS).  The  PPT  signal  above  the  band-gap  energy  of  GaAs  substrate 
decreased  when  the  sample  was  annealed  at  815°C.  In  the  frequency  dependent  measurements, 
the  deviations  from  \lf  linear  function  are  clearly  observed  in  the  AlGaAs/GaAs  samples.  This 
critical  deviation  frequency  was  found  to  shift  to  the  lower  frequency  region  by  annealing.  Our 
experimental  results  are  explained  by  assuming  that  the  sample  annealing  generates  an  unknown 
deep  level  in  AlGaAs  epitaxial  layer  region  and  this  level  effectively  traps  the  photoexcited  carriers 
non-radiatively. 


INTRODUCTION 

Pseudo-binary  compound  semiconductor  AlGaAs  is  widely  used  for  quantum  electronic  de¬ 
vices  such  as  the  light  emitting  diodes  (LED)  and  the  hetero  bipolar  transistor  (HBT).  Intrinsic 
deep  defect  levels  in  this  material  are  known  to  cause  a  degradation  of  such  devices.  They  trap 
the  free  carriers,  and  thus  high  frequency  operation  of  electronic  devices  are  seriously  influenced. 
Annealing  process  followed  by  an  ion-implantation  is  a  most  important  process  in  the  device  fab¬ 
rication.  Since  this  annealing  process  affects  a  formation  and  a  destruction  of  deep  defect  levels, 
it  is  very  important  to  understand  an  annealing  effect  on  the  carrier  generation  and  recombination 
properties  through  deep  defect  levels. 

The  recombination  process  of  photoexcited  carriers  is  commonly  investigated  by  a  photolumi¬ 
nescence  (PL)  method.  This  is  available  technique  to  understand  a  light  emission  mechanism  such 
as  band  to  band,  band  to  impurity  level,  and  impurity  to  impurity  levels  transitions.  However,  the 
recombination  processes  of  carrier  through  the  deep  levels  is  mainly  non-radiative  recombination. 
A  strong  electron  lattice  interaction  affects  these  carrier  transitions.  The  PL  method  can  detect 
only  a  radiative  recombination  process.  Therefore,  it  becomes  important  to  establish  an  alternative 
experimental  technique  to  investigate  such  transitions. 

Recently,  we  have  developed  the  piezoelectric  photo-thermal  (PPT)  spectroscopy  that  has  a 
higher  sensitivity  for  investigating  the  thermal  and  electronic  properties  of  semiconductors  than 
a  conventional  microphone  photoacoustic  method  [1].  This  also  gives  us  an  information  of  non- 
radiative  transitions  through  deep  defect  levels.  Extensive  works  for  Si,  GaAs,  and  AlGaAs/GaAs 
samples  were  carried  out  [  1  -3]  and  a  metastable  natures  for  representative  deep  levels  in  GaAs  such 
as  ELI  and  EL6  were  clearly  resolved.  In  the  present  paper,  we  propose  a  model  to  explaining  our 
experimental  results  for  the  non-radiative  recombination  process  in  the  photoexcited  carriers  in  the 
AlGaAs/GaAs  hetero-structure  sample.  Annealing  effect  on  the  frequency  dependence  of  the  PPT 
signal  is  also  explained  by  developing  the  proposed  model  by  Todorovic  et  al.  [4]. 
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EXPERIMENTAL  PROCEDURES  AND  RESULTS 

The  samples  were  the  AlGaAs/GaAs  hetero-structure  semiconductor  cut  to  surface  dimension 
of  7x7  cm'*^  from  the  AlGaAs  epitaxial  layer  grown  on  a  semi-insulating  (SI)  GaAs  substrate 
wafer.  The  Si-doped,  //-type  Alo  2Ga{j,sAs  epitaxial  layer  (1.4  }.im  thickness)  was  grown  by  the 
metal  organic  vapor  phase  epitaxy  (MOVPE)  method.  The  concentration  of  a  shallow  Si  donor 
level  was  3.0x  10^^’  cm“^  The  substrate  was  the  carbon-doped,  liquid  encapsulated  Czochralski 
(LEC)  grown  SI  GaAs  (600  //m  thickness).  The  concentrations  of  deep  donor  ELI  and  shallow 
carbon  acceptor  in  the  substrate  were  1.3  and  0.4x10^'^  cm^^,  respectively.  Since  the  annealing 
process  seems  to  generate  a  new  defect  level  in  the  band-gap  [5J,  two  samples,  as-grown  and 
annealed  (815°C  for  30  min  in  the  AsH.^  atmosphere)  were  prepared  for  the  experiments.  The 
specification  of  the  GaAs  substrates  was  kept  constant  between  two  samples. 

The  experimental  configuration  involving  the  sample  and  the  detector  is  shown  in  the  inset  of 
figure  1 .  After  the  sample  was  cut  from  the  wafer,  a  disk  shaped  PZT  was  attached  to  the  surface 
of  the  GaAs  substrate  using  a  silver  conducting  paste.  The  probing  light  to  measure  the  PPT  signal 
was  mechanically  chopped  and  was  always  focused  on  the  surface  of  the  epitaxial  layer  side.  The 
PPT  signal  generated  by  the  nonradiative  electron  transitions  was  detected  by  the  PZT.  A  detailed 
experimental  setup  has  already  been  reported  [1]. 

Figure  1  shows  the  PPT  spectra  of  AlGaAs/GaAs  at  297  K.  The  PPT  signal  intensity  was 
recorded  as  a  function  of  incident  photon-energy  of  the  probing  light  ranging  from  1.1  to  2.8  eV. 
The  modulation  frequency  was  set  at  200  Hz.  Since  the  same  GaAs  substrates  were  used  for  two 
samples,  the  PPT  signal  amplitudes  were  nomialized  below  the  band-gap  {E^)  of  GaAs.  This 
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Photon  Energy  (eV) 


Figure  1.  PPT  spectra  of  the  AlGaAs/GaAs  samples  at  297  K.  The  .solid  and  dashed  lines  denote 
the  as-grown  and  the  annealed  samples,  respectively. 
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Modulation  Frequency  (Hz) 


Figure  2.  Frequency  dependence  of  the  PPT  signal  of  the  as-grown,  annealed,  and  the  GaAs 
substrate  samples  at  297  K. 


procedure  is  reasonable  because  the  PPT  signal  of  LEC-grown  SI  GaAs  below  Eg  was  reported  to 
be  due  to  the  electron  non-radiative  transition  involving  ELI  [2].  As  shown  in  the  figure,  the  PPT 
signal  above  Eg  of  GaAs  decreased  when  the  sample  was  annealed. 

In  the  frequency  dependent  measurements,  the  PPT  signal  at  297  K  were,  then,  measured  as  a 
function  of  the  modulation  frequency  /  between  4  and  2000  Hz.  The  wavelength  of  the  probing 
light  was  set  at  770  nm  (/ii^=1.65  eV).  Results  are  shown  in  figure  2.  In  this  figure,  frequency 
dependence  of  the  PPT  signal  of  LEC-grown  SI  GaAs  substrate  sample  is  also  shown.  This  exhibits 
almost  linear  dependence.  On  the  other  hand,  the  deviations  from  1//  linear  function  are  clearly 
observed  in  the  AlGaAs/GaAs  samples.  This  critical  deviation  frequency  was  found  to  shift  to  the 
lower  frequency  region  by  annealing. 


DISCUSSION 

The  PPT  signals  originated  from  the  AlGaAs  epitaxial  layer  are  considerably  large  compared 
with  that  from  the  substrate.  In  our  previous  paper  [3],  we  concluded  that  electrons  photoex- 
cited  within  the  non-doped  p-AlGaAs  epitaxial  layer  drifted  under  the  influence  of  an  electric  field 
present  at  the  interface.  These  drifted  electrons  eventually  recombined  with  the  ionized  EL2  in 
the  GaAs  substrate.  In  the  present  case,  similar  argument  is  possible.  As  shown  in  figure  3,  an 
electric  field  and  band  offsets  are  created  at  the  interface  between  the  n- AlGaAs  epitaxial  layer 
and  the  SI  GaAs  substrate.  Holes  photoexcited  within  the  epitaxial  layer  drifted  and  eventually 
recombined  with  the  neutral  ELI  in  the  GaAs  substrate.  Since  this  transition  is  known  to  have  a 
strong  non-radiative  component  [2],  the  generated  heat  by  this  transition  causes  the  PPT  signal. 

The  PPT  signals  above  Eg  of  GaAs  substrate  drastically  decreased  when  the  sample  was  an¬ 
nealed  at  815°C  for  30  min.  We,  then,  assume  that  the  present  annealing  treatment  generates  an 
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Figure  3.  Schematic  band  diagram  near  the  epitaxial  layer  and  the  substrate  interface.  A  depletion 
region  bearing  an  electric  field  and  band  offsets  arc  created, 

unknown  deep  level  in  the  band-gap  in  AlGaAs  epitaxial  layer.  Supposing  that  this  deep  level 
can  act  as  a  faster  recombination  center  for  holes,  the  photoexcited  holes  cannot  drift  to  the  GaAs 
substrate  side.  This  results  in  a  decrease  of  the  PPT  signal  intensities  in  the  photon-energy  region 
above  Eg  of  GaAs  by  annealing  is  well  understood.  However,  if  deep  level  acts  as  a  non-radiative 
center,  the  capturing  of  the  photoexcited  hole  by  an  unknown  deep  level  generates  a  heat  and  this 
contributes  to  increase  the  PPT  signal  intensity.  This  is  not  the  case  for  the  present  experimental 
results. 

In  the  frequency  dependent  measurements,  the  incident  photon-energy  of  the  probing  light  was 
kept  at  1 .65  eV.  Therefore,  the  signal  just  below  the  Eg  of  AlGaAs  was  measured.  The  PPT  signal 
for  the  SI  GaAs  substrate  exhibits  almo.st  linear  dependence,  as  shown  in  the  figure.  However, 
in  the  AlGaAs/GaAs  samples,  the  deviation  from  1//  linear  function  is  clearly  observed  below  a 
critical  frequency  around  200  Hz.  This  critical  deviation  frequency  was  found  to  shift  to  the  lower 
frequency  region  for  the  annealed  sample. 

To  explain  a  shift  of  the  critical  deviation  frequency  observed  in  figure  2,  we  develop  the  theory 
for  the  photoacoustic  signal  generation  mechanism  proposed  first  by  Todorovic  et  al.,  hereafter, 
refer  to  Todorovic  model  [4].  Note  that  they  have  considered  that  the  photoacoustic  signal  i.s 
detected  by  using  a  microphone,  which  is  away  from  the  sample  surface  by  the  air  gap.  However, 
our  PZT  detector  is  directly  attached  to  the  rear  sample  surface.  Then,  such  difference  should  be 
kept  in  mind  for  further  discussions.  Anyway,  we  first  assume  here  that  the  generated  PPT  signal  at 
the  sample  surface  is  completely  detected  by  PZT  whichever  the  signal  is  caused  by  a  pyro-electric 
or  a  piezo-electric  effect  ( 1  ]. 

In  the  Todorovic  model,  the  photoacoustic  signal  is  caused  by  following  three  components,  (a) 
TD  (thermal-diffusion),  (b)  TE  (thermo-elastic),  and  (c)  ED  (electronic  deformation)  components. 
The  TD  component  is  a  consequence  of  the  thermal  (heat)  diffusion  processes  in  the  sample,  i.e., 
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it  depends  on  the  periodic  temperature  variation  on  the  rear  sample  surface.  The  TE  component 
is  the  consequence  of  the  sample  surface  displacement,  that  is,  the  thermo-elastic  expansion  and 
bending.  This  is  an  important  effect  in  the  photoacoustic  signal  generation  mechanism,  especially 
at  higher  frequencies.  Furthermore,  the  photoexcited  free  carriers,  electron  and  hole  pairs,  produce 
a  periodic  elastic  deformation  in  the  sample  directly,  so  called  an  elastic  deformation  (ED),  which 
in  turn  generates  the  photoacoustic  signal.  The  theoretical  calculation  due  to  check  a  contribution 
of  each  three  components  to  the  frequency  dependence  of  the  PPT  signal  intensity  was  carried 
out.  The  TD  component  exhibits  almost  1//  linear  dependence.  On  the  other  hand,  the  TE  and  ED 
components  show  the  deviation  from  \/f  linear  function  below  a  critical  frequency. 

In  the  present  experimental  frequency  region  (/■=4~2000  Hz),  the  ED  component  can  be  ne¬ 
glected  because  the  intensity  is  very  low  compared  with  other  components.  Therefore,  two  contri¬ 
butions,  TD  and  TE,  may  explain  the  present  experimental  results.  If  the  TE  component  becomes 
dominant  than  TD,  a  critical  deviation  frequency  is  expected  to  shift  to  the  lower  frequency  region. 
This  indicates  that  a  bending  of  the  rear  sample  surface  becomes  large  for  the  annealed  sample  than 
that  for  the  as-grown  sample.  The  photon-energy  of  the  probing  light  is  near  the  Eg  of  AlGaAs, 
and  the  excess  free  carriers  are  generated  in  the  AlGaAs  epitaxial  layer  side.  If  the  unknown  deep 
level  fabricated  by  the  sample  annealing  acts  as  a  non-radiative  center  and  traps  the  photoexcited 
hole,  the  heat  generates  mainly  in  the  AlGaAs  epitaxial  layer  side.  This  results  in  the  bending  term 
in  the  TE  component  may  increases.  This  is  a  reason  for  the  shift  of  the  critical  deviation  frequency 
by  the  sample  annealing. 


CONCLUSION 

The  electron  non-radiative  recombination  processes  in  n-AlGaAs/GaAs  hetero-structure  sam¬ 
ple  were  investigated  by  using  the  PPT  technique.  Two  types  of  the  samples,  as-grown  and  an¬ 
nealed  sample,  were  used.  The  PPT  signal  above  Eg  of  GaAs  decreased  by  sample  annealing. 
From  the  experimental  results,  it  is  considered  that  the  annealing  produces  an  unknown  deep  level 
in  the  band-gap  of  AlGaAs  epitaxial  layer.  By  developing  the  Todorovic  theory  for  the  signal  gen¬ 
eration  mechanism,  we  have  explained  the  experimental  results  of  the  frequency  dependence.  Two 
contributions,  namely  thermal  diffusion  (TD)  and  thermo-elastic  (TE)  components,  are  considered. 
The  TE  contribution  becomes  large  for  the  annealed  sample.  Since  the  deep  level  fabricated  by  the 
sample  annealing  acts  as  a  non-radiative  center  and  traps  the  photoexcited  hole,  the  heat  generates 
mainly  in  the  AlGaAs  epitaxial  layer  side.  This  results  in  the  increa.sing  of  the  bending  term  in 
the  TE  component.  This  is  a  reason  for  the  shift  of  the  critical  deviation  frequency  by  the  sample 
annealing. 

Since  the  PPT  method  does  not  necessitate  the  fabrication  of  electrodes,  the  usefulness  of  this 
method  for  studying  the  electron  non-radiative  recombination  process  non-destructively  is  pointed 
out.  However,  more  detailed  quantitative  consideration  is  necessary  for  the  next  step. 
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ABSTRACT 

The  synthesis  of  HgTe  nanocrystals  (NCs),  coated  with  a  CdS  shell,  presumably 
results  in  the  formation  of  HgTe/CdS,  HgTe/CdHgS  core-shell  structures  or  separated  CdHgS 
alloys.  Photoluminescence  (PL),  continuous-wave  (cw)  and  time-resolved  optically  detected 
magnetic  resonance  (ODMR)  spectroscopy  examined  the  magneto-optical  properties  of  the 
dominating  resonance  aforementioned  products.  The  cw  ODMR  measurements  indicated  that 
the  NCs  exhibit  a  band,  centered  at  0.39  Tesla,  corresponding  to  an  excited  state  electron  (e) 
and  hole  (h)  spin  manifold,  with  total  angular  momentum  (F=S+L)  Fe=l/2  and  Fh=3/2, 
respectively.  Theoretical  simulation  of  the  ODMR  band  revealed  an  anisotropy  of  the  g- 
factor,  indicating  the  existence  of  trapped  carriers’  at  a  mixed  Cd-Hg  tetrahedral  site, 
confirming  the  formation  of  an  alloy  component.  The  time-resolved  ODMR  measurements 
reveal  a  characteristic  radiative  decay  time  and  spin-lattice  relaxation  time  of  these  trapped 
carriers  of  hundreds  of  microseconds. 


INTRODUCTION 

The  chemical  synthesis  of  colloidal  HgTe  NCs  in  aqueous  solution  was  recently 
reported  [1,2].  This  novel  material  exhibits  an  emission  band  in  the  near  infrared  spectral 
regime,  with  giant  intensity  and  a  tunable  energy,  varying  with  the  NCs'  size.  Therefore, 
these  NCs  are  currently  of  great  technological  interest  as  emitting  materials  for  thin-film 
electroluminescence  devices,  and  as  optical  amplifier  media  for  telecommunication  networks. 
These  recent  studies  [2]  indicated  that  the  bare  HgTe  NCs  show  “aging”  processes  and 
temperature  instability,  associated  with  the  surface  reactivity,  which  deteriorates  the 
luminescence  quantum  efficiency.  Therefore,  the  authors  of  ref.  [1]  and  [2]  suggested  to 
improve  the  surface  quality  by  capping  the  HgTe  NCs  with  epitaxial  layers  of  another 
semiconductor  (e.g.,  CdS,  CdHgS),  to  form  a  core-shell  structure  [3].  The  current  work 
shows  our  attempts  to  chemically  identify  carriers’  trapping  sites  either  at  the  core,  the  shell 
or  at  interface  defects,  by  the  use  of  photoluminescence  (PL),  continuous-wave  and  time- 
resolved  optically  detected  magnetic  resonance  (ODMR)  spectroscopy. 


EXPERIMENTAL 

The  “bare”  thioglycerol  stabilized  HgTe  colloidal  NCs  were  prepared  in  aqueous 
solution,  at  room  temperature,  using  the  method  described  previously  [1].  The  starting 
solution  contained  a  4:1  ratio  of  the  Hg^^  and  Te^'  ions.  The  core-shell  structures  were 
prepared  by  the  addition  of  Cd-perchlorate  and  addition  of  HzS  to  form  a  shell  of  CdS  (>  2 
nm  thick)  according  to  the  synthetic  conditions  mentioned  in  reference  [3].  However,  the 
existence  of  excess  Hg^^  ions  in  the  original  solution  may  lead  to  the  formation  of  a  CdHgS 
alloy  as  the  coating  over  the  “bare”  NCs.  This  assumption  will  be  clarified  by  the  following 
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spectroscopic  measurements.  It  should  be  indicated  that  the  radius  of  the  HgTe  core  was  on 
the  order  of  the  shell  thickness. 

The  PL  and  ODMR  spectra  were  recorded  at  liquid  helium  temperature,  by  immersing 
the  samples  in  a  capillary-type  Janis  cryogenic  Dewar,  The  PL  spectra  were  obtained  by 
exciting  the  sample  with  a  2.70  eV  Ar^  laser.  The  emitted  light  was  .selected  by  a 
holographic  grating  monochromator,  and  detected  with  a  Hamamatsu  Si  -photodiode. 

The  ODMR  Sf)cctra  were  obtained  by  measuring  the  difference  in  luminescence  intensity 
(using  a  Si  photodiode),  AIpu  induced  by  a  magnetic  resonance  event  at  the  excited  state. 
The  ODMR  spectra  were  recorded  by  mounting  the  sample  on  a  special  probe  consisting  of  a 
resonance  cavity  (TEm,  with  Q- factor  of  1000),  coupled  to  a  variable  frequency  microwave 
(MW)  source  (Vm\v=  10.76  GHz),  surrounded  by  a  split  Helmholtz  coil  superconducting 
magnet.  Bo.  The  apertures  in  the  cavity  and  in  the  superconducting  magnet  enable  optical 
excess  both  in  the  Faraday  (Bo[|emission)  and  Voight  (fiolemission)  configurations. 

RESULTS 

A  representative  PL  spectrum  of  the  HgTe/CdHgS  sample  is  shown  in  Fig.  1.  It 
consists  of  a  dominating  band  centered  at  668  nm  and  additional  shoulders  at  820  nm,  1050 
nm  and  1240  nm.  Most  of  the  PL  spectrum  overlaps  with  the  absorption  spectrum  of  the  size- 
quantized  HgTe  NCs  which  exhibit  a  bandedge  absorption  at  about  1000  nm. 

Magnetic  resonance  effects  were  observed  in  the  spectral  regime  between  550  -  1000 
nm.  The  corresponding  non-polarized  ODMR  spectra,  recorded  in  both  Faraday  and  Voight 
configurations,  showed  only  a  difference  in  their  relative  intensities  (.sec  Fig.  2a).  The 
circular  polarized  ODMR  spectra,  recorded  in  the  Faraday  configuration  with  G+  and  cr- 
detection,  are  shown  in  Fig.  2b.  The  circular  components  have  a  similar  band  shape  and 
intensity,  however  they  are  shifted  one  with  respect  to  the  other  by  0.0055  Tesla. 

The  cw  ODMR  .spectra  of  the  .studied  sample,  recorded  with  various  jiW  modulation 
frequencies,  are  shown  in  Fig.  3a.  It  can  be  seen,  that  upon  an  increa.se  in  the  modulation 
frequency,  the  ODMR  band  intensity  is  quenched  and  becomes  slightly  a.symmetric. 
Furthermore,  at  a  frequency  of  819  Hz  the  high  magnetic  field  component  reverses  its  sign  to 
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Figure  1.  The  photoiuminescence  spectrum  of  HgTe/CdHgS  nanocrystals. 
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a  negative  signal.  This  suggests  that  the  ODMR  spectra  actually  consist  of  two  bands, 
associated  with  two  separate  events  with  different  relaxation  times.  A  representative 
simulation  of  the  ODMR  spectrum  with  217  Hz  modulation  is  shown  in  Fig.  3b.  This 
spectrum  consists  of  a  positive  Gaussian  narrow  band  centered  at  0.395  Tesla  (labeled  I), 
overlapping  a  wide  band,  centered  at  0.379  Tesla  (labeled  II). 

A  time-resolved  ODMR  spectrum  is  shown  by  the  solid  line  in  Fig.  4,  while  the  MW 
on/off  period  of  967  microseconds  is  presented  by  the  dashed  line  below.  It  can  be  seen  from 
the  figure  that  the  PL  intensity  increases  at  the  rising  edge  of  the  MW  pulse,  change  gradually 
through  the  pulse,  followed  by  a  drastic  decay  at  the  end  of  the  pulse. 

The  spin  and  radiative  relaxation  processes,  leading  to  the  transient  picture  and  the  simulated 
line  (labeled  by  triangles)  shown  in  Fig.  4,  will  be  discussed  in  the  next  section. 


DISCUSSION 

The  PL  spectrum  of  the  studied  sample  showed  dominated  band  at  668  nm  and 
additional  shoulders  at  lower  energies.  The  1250  nm  shoulder  in  particular  resemble  the 
typical  luminescence  of  “bare”  size-quantized  HgTe  NCs  or  a  core  component  of  a  core-shell 
structure  L3j.  However,  the  668  nm  and  the  other  shoulders  at  820  nm  and  1050  nm  may 
correspond  to  the  luminescence  of  the  following  species:  (a)  surface  states  in  pure  CdS  NCs 
[4],  (b)  separate  CdHgS  NCs’  alloys  [5],  or  (c)  emission  from  the  shell  component  of 
HgTe/CdHgS  core-shell 


Figure  2.  ODMR  spectra  recorded  at  Faraday  (solid  line)  and  Voight  (open 
dots)  configurations  (a);  (solid  line)  and  g“  (dashed  line)  polarized 
detection  of  the  ODMR  signal  at  Faraday  configuration 
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structure.  The  preparation  of  the  core-shell  structure  involves  an  addition  of  Cd-  and  S-ions 
raising  a  competition  between  coating  of  the  existing  HgTe  surfaces  and  a  nucleation  of 
separate  CdS  NCs.  As  indicated  above,  the  existence  of  excess  Hg-ions  in  the  initial  solution 
may  lead  to  the  formation  of  either  separated  CdHgS  NCs  alloys  or  HgTe/CdHgS  core-shell 
NCs.  The  present  ODMR  measurements  enable  us  to  exclude  the  existence  of  pure  CdS 
NCs,  their  typical  magnetic  resonance  spectrum  exhibit  a  different  paramagnetic  behavior  [41. 
Thus,  the  resonance  bands  shown  in  Fig.  2  and  3  should  correspond  to  the  CdHgS 
components. 

The  observed  ODMR  spectra  are  associated  with  a  spin  flip  in  the  excited  state  of  an 
electron  and  a  hole.  It  is  assumed  that  the  electron  and  hole  have  unpaired  spins  of  Sc=  1/2 
and  Sh  =  1/2,  an  angular  momentum  of  Lc=0  and  Lh=0,  1  and  a  spin-orbit  of  F=S+L.  The 
projections  of  F  in  the  direction  of  an  external  magnetic  field  (B||z)  have  the  values  of  nv  = 
±1/2  and  mn  =  ±3/2,  ±1/2.  These  projections  split  in  the  presence  of  an  external  magnetic 
field  by  a  Zeeman  interaction,  Pg'^'^B  (P  and  g"'"  are  the  Bohr  magneton  and  isotropic  g 
spectroscopic  factor,  respectively).  The  observation  of  circularly  polarized  ODMR  signals 
reveals  that  the  emitting  spin  state  has  a  total  spin  (Fe+Fi,)  of  ±1,  suggesting  the  involvement 
of  annihilation  between  an  electron  with  me=±1/2  and  a  hole  with  mh=dJ/2,  as  shown  in  the 
diagram  of  Fig.  3c.  The  solid  arrows  in  the  figure  correspond  to  the  magnetic  resonance 
transitions  (consisting  of  a  flip  of  the  electron  spins),  while  the  dashed  lines  represent  the 
optical  transitions.  The  anticipated  spectra  arc  shown  below  the  diagram,  while  the  shift 


Magnetic  field  /Tesla 

Figure  3.  ODMR  spectra  recorded  in  Faraday  configuration:  (a)  as  a  function  of  MW  modulation 
frequencies;  (b)  Gaussian  simulation  of  the  ODMR  signal,  recorded  with  217Hz  MW  modulation 
(doted  and  dashed  lines  arc  representing  the  narrow  (I)  and  wide  (II)  simulation  parts,  and  a  solid  line 
is  a  total  simulation  (I)+(II);  (c)  schematic  diagram  of  spin  states  and  corresponding  anticipated 
ODMR  spectrum 
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between  the  <f  and  o  "  component  is  3J/pge,  when  J  is  an  isotropic  electron-hole  exchange 
interaction.  Although  spin  states  comprised  of  mg  =  ±1/2  and  mh  =  ±1/2  may  be  populated, 
the  theory  discussed  extensively  in  references  [4, 7J  predicts  a  negative  resonance  band  in  the 
Voight  configuration,  which  is  in  contradiction  to  the  present  experimental  results,  shown  in 
Fig.  2a. 

The  present  ODMR  spectra  were  simulated  with  a  phenomenological  spin 
Hamiltonian  containing  the  electron  and  hole  Zeeman  interactions  as  well  as  isotropic  and 
anisotropic  exchange  interactions.  The  experimental  results  shown  in  Fig.  3a  and  the 
simulated  spectra  (Fig.  3b)  suggested  the  existence  of  two  overlapping  events.  Component  I 
(dotted  line)  was  simulated  with  the  spin  Hamiltonian  leading  to  gxx  =  1.995,  gyy  =  1.995, 
gzz  =  1.845  and  J=0.225  |ieV.  The  particularly  broad  component  11,  on  the  other  hand,  could 
not  be  simulated  by  a  conventional  spin  Hamiltonian,  reflecting  knowledge  on  a  contribution 
of  an  additional  confinement  effect  of  the  orbit  motion.  The  latter  effect  was  discussed  in 
length  in  a  separate  publication  [6]  and  will  not  be  extended  any  longer  in  this  document. 

The  anisotropy  in  the  g  factor  of  the  electron  suggests  its  location  in  an  asymmetric 
trapping  site.  Stoichiometric  defects  which  can  trap  an  electron  include  either  (M=Cd, 
Hg)  or  X^'  (X=S,  Te)  vacancies  with  the  latter  being  more  common.  The  formation  of  a 
mixed  tetrahedron  formed  by  the  substitution  of  a  Cd  into  a  Hg  site  (or  vise  versa)  inserts  an 
anisotropy  around  a  X^'  center.  Such  an  anisotropy  is  pronounced  in  the  g  value  of  a  trapped 
electron.  This  further  supports  the  existence  of  alloy  components,  either  as  a  separated 
CdHgS  or  HgTe/CdHgS  NCs. 

The  time-resolved  ODMR  response,  shown  in  Fig.  4,  was  simulated  by  the  following 
kinetic  equations  [7], 


d?i  2 
dt 


-  ^1  -  (^1  ±^2)(^  -  p) 

ri  Tj 


(«1  - 


^  -  («1  +«2)/?  .. 
— —  -  +  Lr  - — - 

dt 


1 

l±exp(  ABfkT) 


which  include  a  rate  of  the  spin  manifold  formation  (G),  radiative  and  nonradiative  processes 
(t  '*=  Trad  *  +  Xiirad  *)  ^nd  spln-latticc  relaxation  times  (Ti).  ni  and  xii  correspond  to  |+3/2,  -1/2 
>  and  I-I-3/2,  -f-1/2  >,  or  |-3/2,  -1/2  >  and  |-3/2,  +1/2  >  pair  states,  shown  in  Fig.  3c.  The 
gradual  change  seen  in  Fig.  4  during  the  MW  pulse  is  controlled  by  the  radiative  lifetime, 
while  the  sudden  decay  at  the  end  of  the  pulse  corresponds  to  the  spin- lattice  relaxation  time, 
bringing  the  system  back  into  a  Bolzmann  distribution  of  the  population  among  the  spin 
states.  The  simulated  response,  using  the  above  equations,  revealed  a  radiative  decay  time  of 
300  microseconds  and  a  spin-lattice  relaxation  time  of  900  microseconds.  It  should  be  noted 
that  the  ODMR  experiment  enables  to  detect  relatively  slow  radiative  processes,  while  the 
fast  decay  processes  are  not  detected  in  the  current  experiment. 
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Figure  4.  time-resolved  ODMR  spectra:  measured,  with  the  time 
period  of  the  transient  MW  pulse  (solid  line);  simulated  (triangled  line). 


CONCLUSIONS 

The  synthetic  approach  of  coating  HgTe  nanocrystals  with  a  shell  of  CdS  results  in  the 
formation  of  HgTe/CdS  or  HgTe/CdHgS  core-shell  structures  or  separately  formed  CdHgS 
alloys  together  with  the  preformed  HgTe  NCs,  The  cw  ODMR  measurements  indicated  that 
the  NCs  exhibit  a  dominating  resonance  band  corresponding  to  a  recombination  between 
trapped  electrons  centered  at  mixed  Cd-Hg  tetrahedral  sites  with  Fc=l/2  and  a  valence  hole 
with  Fh-3/2.  The  suggested  anisotropic  site  indicates  the  existence  of  alloy  components.  The 
time-resolved  ODMR  measurements  reveal  relatively  long  (hundreds  of  microseconds) 
radiative  and  spin-lattice  relaxation  times  characteristic  for  the  radiative  recombination  of 
trapped  carriers. 
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ABSTRACT 

We  have  used  the  variational  and  fractional-dimensional  space  approaches  in  a  study  of  the 
virial  theorem  value  and  scaling  of  the  shallow-donor  binding  energies  versus  donor  Bohr  radius 
in  GaAs-(Ga,Al)As  semiconductor  quantum  wells  and  quantum-well  wires.  A  comparison  is 
made  with  previous  results  with  respect  to  exciton  states.  In  the  case  the  donor  ground-state 
wave  function  may  be  approximated  by  a  D-dimensional  hydrogenic  wave  function,  the  virial 
theorem  value  equals  2  and  the  scaling  rule  for  the  donor  binding  energy  versus  quantum-sized 
Bohr  radius  is  hyperbolic,  both  for  quantum  wells  and  wires.  In  contrast,  calculations  within  the 
variational  scheme  show  that  the  scaling  of  the  donor  binding  energies  with  quantum-sized  Bohr 
radius  is  in  general  nonhyperbolic  and  that  the  virial  theorem  value  is  nonconstant. 


INTRODUCTION 

Impurity  and  exciton  states  may  be  significantly  modified  by  the  barrier-potential 
confinement  in  quantum-sized  semicondutor  heterostructures,  and  much  experimental  and 
theoretical  work  have  been  devoted  to  the  quantitative  understanding  of  their  properties  in  GaAs- 
Gai-xAlxAs  quantum  wells  (QWs),  quantum- well  wires  (QWWs),  and  semiconductor 
heterostructures  in  general.  Recently,  the  scaling  of  the  exciton  binding  energy  in  semiconductor 
QWs  and  QWWs  was  numerically  investigated  by  Rossi  et  al  [1],  who  found  that  in  the  strong 
confinement  limit  the  same  potential-to-kinetic  energy  ratio  (virial  theorem  value)  holds  for  quite 
different  wire  cross  sections  and  compositions,  and  claimed  that  a  universal  parameter  would 
govern  the  scaling  of  the  exciton  binding  energy  with  size.  Zhang  and  Mascarenhas  [2] 
reexamined  the  subject  by  calculating  the  exciton  binding  energies  and  the  corresponding  virial 
theorem  value  in  QWs  and  QWWs  with  infinite  confinement  barriers,  and  found  that  a  shape- 
independent  scaling  rule  does  exist  for  QWWs,  but  argued  that  a  virial  theorem  value  being  or 
not  a  constant  is  irrelevant.  In  particular,  they  found  that  the  exciton  virial  theorem  value  is  not  a 
constant  for  either  wires  or  wells.  The  purpose  of  this  work  is  to  investigate  the  scaling  rule,  if 
any,  for  the  donor  binding  energies  versus  Bohr  radius,  and  the  virial  theorem  for  shallow  donors 
in  quantum-sized  semiconductor  heterostructures,  such  as  GaAs-Gai.xAhAs  cylindrical  quantum 
wires  or  wells,  both  within  the  fractional-dimensional  and  variational  approaches. 


THEORETICAL  FRAMEWORK 

We  consider  a  shallow  donor  at  the  position  r.  in  a  semiconductor  GaAs-Gai-xAhAs 
heterostructure  such  as  a  QW  or  a  cylindrical  QWW,  within  the  effective-mass  and  non¬ 
degenerate-parabolic  band  approximations.  The  Hamiltonian  is  given  by 
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where  m*  is  the  conduction-band  effective  mass  and  e  is  the  dielectric  constant,  which,  for 
simplicity, "are  taken  as  the  GaAs  bulk  values  throughout  the  heterostructure  [3].  V,,(r)  is  the 
confining  potential,  which  is  taken  as  V,{r)  ^  V,>(z)  for  QWs  or  V,(r)  =  V„(p)  for  cylindrical 

QWWs.  In  the  following,  we  will  limit  ourselves  to  donors  located  at  positions  where  cylindrical 
symmetry  is  preserved,  i.e.,  at  any  position  in  QWs  or  at  the  wire  axis  in  QWWs,  and  will  focus 
on  the  impurity  ls-!ike  ground  state.  The  eigenfunctions  of  (1)  may  be  taken  as 

^^',(r)-/(^)0,(^),  (2) 

where  /(r)  is  the  ground-state  solution  of  (I)  in  the  absence  of  the  Coulomb  interaction.  In  the 
fractional-dimensional  approach,  one  finds  that,  for  a  given  state,  the  “shallow  donor  + 
heterostructure”  anisotropic  system  may  be  modeled  by  an  effective  isotropic  hydrogenic  system 
in  a  fractional  D-dimensional  space  [4],  a  problem  which  may  be  solved  analytically,  with  the  D 
parameter  chosen  via  the  condition  [.^] 


JJ/i  r  sin  0  (pl-  W  (p^  dO  dr  =  0 


where  the  operator  W  in  eq.  (3)  includes  the  effects  of  anisotropy.  In  the  above  equation,  (r) 
is  the  corresponding  impurity  eigenfunction,  and  $j  (and  A))  arc  the  exact  eigenfunctions  (and 
eigenvalues)  of  the  D-dimensional  Hamiltonian.  If  one  is  concerned  with  the  ground-state  donor 
binding  energy,  it  follows  [4]  that 

^h=-E^,=ARJ{D-\)~  (4) 


ill  t 

"  2^  reduced  Rydberg.  If  the  ground-state  wave  function  is  chosen  as 

with  A  =  2/[aJD  - 1)],  the  fractional-dimensional  parameter  is  given  [5]  by 


D  =  l  +  2 


where  is  the  reduced  Bohr  radius,  and  we  have  followed  Rossi  et  al  [1]  and  Zhang 

and  Mascarenhas  [2]  and  defined  a  "quantum-confined  impurity  Bohr  radius"  as 
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with  coordinates  taken  with  the  origin  at  the  impurity  position.  Notice  that  (5)  provides  a  simple 
relation  between  the  fractional  dimension  of  the  effective  isotropic  medium  and  the  localization 
of  the  ground-state  wave  function  through  the  donor  Bohr  radius  (6).  Also,  it  is  straightforward 
to  demonstrate  that  (5)  and  (6)  give  the  exact  results  corresponding  to  the  2D  and  3D  limits.  One 
then  obtains  [5]  the  hyperbolic  dependence  of  the  donor  binding  energy  on  the  impurity  Bohr 
radius, 


2s  a  I 


(7) 


and  a  virial  theorem  value  of  y?  =  2  within  the  fractional-dimensional  space  approach,  for  donors 
either  in  QWs  or  QWWs, 

Alternatively,  in  the  variational  procedure,  one  may  introduce  a  variational  function  for  the 
donor  (j)^  (r)  envelope  wave  function,  and  minimize  the  impurity  energy  with  respect  to  the 

variational  parameters  [3].  Although  one  may  choose  a  two-  or  three-parameter  hydrogenic 
variational  wave  function  for  a  shallow  donor  in  a  QW,  the  comparison  between  results  using  the 
fractional-dimensional  space  approach  and  the  variational  scheme  is  probably  best  illustrated 
with  the  simplest  one-parameter  hydrogenic  choice  [3]  for  the  variational  wave  function.  We 

choose  therefore  <l>^{T)  =  (j>^^{r)  =  e~^’  for  the  ground-state  wave  function,  where  X  is  a 
variational  parameter,  and  write 

ea,a)  2m  ea,{X){  p{X) 


By  imposing  the  condition 


_  Q  obtains  a  transcendental  equation  for  X,  and 
dX 


pa}-=~- 


a,. 


(9) 


for  the  virial  theorem  value  within  the  variational  approach. 


RESULTS  AND  DISCUSSION 

In  the  following,  we  have  used  a  GaAs  conduction-band  effective  mass  m*  =  0.0665  mo, 
where  mo  is  the  free  -  electron  mass,  and  a  60%  (40%)  rule  for  the  conduction  (valence)  - 
barrier  potential  with  respect  to  the  total  band-gap  offset,  with  the  band  gap  discontinuity  taken 
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as  AEg  (eV)  =  1.247  ,v,  where  x  is  the  A1  concentration.  Results  are  presented  with  energies  and 
lengths  expressed  in  reduced  units  of  the  impurity  Rydberg  (Ro)  and  radius  (r/o),  respectively. 

In  Fig.  1(a)  we  compare  the  theoretical  fractional-dimensional  calculations  of  the  binding 
energies  for  on-center  donors  in  GaAs-Ga<i  7Alo.3As  QWs  with  the  corresponding  results  using  a 
variational  Isdike  hydrogenic  envelope  wave  function  [3J.  Results  arc  also  shown  for  an  infinite- 
barrier  potential.  Notice  that  the  on-center  donor  binding  energies  of  both  fractional-dimensional 
and  variational  calculations  are  in  excellent  agreement.  Figs.  1(b)  and  (c)  show  the  on-center 
donor  binding  energy  and  corresponding  virial  theorem  value  P  versus  the  quantum-confined 
donor  Bohr  radius  [see  eq.  (6)],  calculated  in  the  variational  [3]  and  fractional-dimensional  [5] 
approaches,  for  GaAs-Gai.xAbAs  QWs,  both  for  x  =  0.30,  and  infinite-barrier  potentials.  We 
notice  that  the  fractional-dimensional  approach  leads  to  the  hyperbolic  dependence  of  the  donor 
binding  energy  on  the  impurity  Bohr  radius,  and  to  a  virial  theorem  value  of  =  2 .  In  contrast, 
within  the  variational  procedure,  the  virial  theorem  value  has  a  strong  dependence  on  the  donor 
Bohr  radius,  and  approaches  the  exact  bulk  value  of  2  from  above  as  the  width  of  the  well 
approaches  infinite,  both  in  the  case  of  infinite-confining  and  finite-barrier  potentials.  One 
should  point  out  that  variational  re.sults  for  finite  barriers  may  exhibit  two  different  virial 
theorem  values  for  a  given  donor  Bohr  radius,  as  a  donor  radius  may  corre.spond  to  two  well 
widths.  In  the  ca.se  of  infinite-potential  barrier  in  the  variational  scheme,  the  virial  theorem  value 
also  approaches  the  exact  2D  value  of  2  for  vanishing  QW  width.  The  above  variational  results 
for  the  virial  theorem  value  in  the  case  of  shallow  donors  in  QWs  are  quite  similar  to  the  results 
for  excitons  reported  by  Zhang  and  Mascarenhas  [2]. 

The  fractional-dimensional  and  variational  results  for  the  binding  energies  of  donors  at  the 
axis  of  a  cylindrical  GaAs-Ga|.xAlxAs  wire  are  presented  in  Fig.  2(a).  A  compari.son  between 
fractional-dimensional  results  and  a  donor  variational  calculation  indicates  good  agreement  for 
the  binding  energies  in  the  cases  of  moderate  and  large  values  of  the  wire  radius.  The  on-axis 
donor  binding  energy  and  virial  theorem  value  are  shown  in  Figs.  2(b)  and  (c)  versus  the 
quantum-confined  donor  Bohr  radius,  calculated  in  the  variational  and  fractional-dimensional 
approaches,  for  both  x  =  0.30  and  infinite-barrier  potential  GaAs-Gai-xA^As  QWWs,  As  before, 
the  fractional-dimensional  approach  leads  to  the  hyperbolic  dependence  of  the  impurity  binding 
energy  on  the  donor  Bohr  radius,  and  to  a  virial  theorem  value  of  /?  =  2 .  As  in  the  work  on 
excitons  by  Zhang  and  Mascarenhas  [2],  the  virial  theorem  value,  obtained  within  the  variational 
procedure,  has  a  significant  dependence  on  the  donor  Bohr  radius,  and  approaches  the  exact  bulk 
value  of  2  from  above  as  the  radius  of  the  well  approaches  infinite,  both  in  the  ca.se  of  infinite- 
confining  and  finite-barrier  potentials,  similar  to  the  results  for  donors  in  QWs  in  Fig.  1.  Also,  in 
the  case  of  infinite  potential  in  the  variational  .scheme,  the  virial  theorem  value  approaches  the 
exact  1 D  value  of  2  for  a  vanishing  QWW  radius. 


CONCLUSIONS 

We  have  presented  a  .study,  within  the  fractional-dimensional  and  variational  approaches,  of 
the  virial  theorem  value  and  results  for  the  .scaling  of  the  shallow-donor  binding  energies  versus 
donor  Bohr  radius  in  GaAs-(Ga,Al)As  QW  and  QWW  quantum-sized  semiconductor 
heterostructures.  In  the  ca.se  of  the  fractional-dimensional  space  approach,  if  the  3D  actual 
anLsotropic  semiconductor  hetcrostructure  may  be  substituted  by  a  fractional-dimensional 
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Figure  1.  On-center  donor  binding  energies  as  functions  of  the  well  width  (a)  and  quantum- 
confined  donor  Bohr  radius  (b)  in  GaAs-Gai-xAhAs  QWs,  both  for  x  =  0.30  and  infinite-barrier 
potentials.  The  corresponding  virial  theorem  value  is  shown  in  (c).  In  (a)  solid  curves  correspond 
to  fractional-dimensional  results  whereas  dotted  lines  are  calculated  using  a  variational 
procedure.  In  (b)  and  (c),  x  =  0.30  results  using  the  variational  -  V  or  fractional-dimensional  -  FD 
approaches  are  given  as  full  curves,  and  dotted  curves  are  in  the  cases  of  infinite-barrier 
potentials.  Open  dots  correspond  to  exact  results.  Energies  and  lengths  are  expressed  in  reduced 
units  of  the  impurity  Rydberg  (Ro)  and  radius  (a<,),  respectively. 


Figure  2.  On- axis  donor  binding  energies  as  functions  of  the  wire  radius  (a)  and  quantum- 
confined  donor  Bohr  radius  (b)  in  GaAs-Gai-xAfrAs  cylindrical  QWWs,  both  for  x  =  0.30  and 
infinite-barrier  potentials.  The  corresponding  virial  theorem  value  is  shown  in  (c).  In  (a)  solid 
curves  correspond  to  fractional-dimensional  results  whereas  dotted  lines  are  calculated  using  a 
variational  procedure.  In  (b)  and  (c),  x  =  0.30  results  using  the  variational  -  V  or  fractional¬ 
dimensional  -  FD  approaches  are  given  as  full  curves,  whereas  results  for  infinite-barrier 
potentials  are  given  by  dotted  curves.  Energies  and  lengths  are  expressed  in  reduced  units  of  the 
impurity  Rydberg  (Ro)  and  radius  (ao),  respectively. 
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effective  medium  with  a  ground-state  wave  function  given  by  (})*[:  i,  =  e  with 
X  =  2/[a  ,(£)  -1)] ,  the  virial  theorem  value  equals  2  and  the  scaling  rule  for  the  donor  binding 
energy  versus  Bohr  radius  is  hyperbolic,  both  for  GaAs-(Ga,Al)As  QWs  and  QWWs.  In  contrast, 
calculations  within  the  variational  scheme  unambiguously  show  that  the  scaling  of  the  donor 
binding  energies  with  Bohr  radius  is,  in  general,  nonhyperbolic  and  that  the  virial  theorem  value 
is  nonconstant.  Moreover,  calculations  for  the  donor  binding  energies  versus  QW  widths  or 
QWW  radii,  within  both  the  fractional-dimensional  and  variational  approaches,  result  in 
essentially  the  same  binding  energies  with  quite  different  virial  theorem  values  or  Bohr  radii. 

This  indicates  that  any  general  conclusion  based  on  a  given  virial  theorem  value  or  donor  energy 
versus  Bohr  radius  scaling  rule  should  be  examined  with  due  caution. 
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ABSTRACT 

Highly  sensitive  optically  detected  resonance  experiments  have  shown  that  magnetoexcitons 
in  GaAs-(Ga,Al)As  semiconductor  quantum  wells  have  discrete  internal  energy  levels,  with 
transition  energies  found  in  the  far-infrared  (terahertz)  region.  Here  we  are  concerned  with  a 
theoretical  study  of  the  terahertz  transitions  of  light-hole  and  heavy-hole  confined 
magnetoexcitons  in  GaAs-(Ga,Al)As  quantum  wells,  under  a  magnetic  field  applied  in  the 
growth  direction  of  the  semiconductor  heterostructure.  The  various  magnetoexciton  states  are 
obtained  in  the  effective-mass  approximation  by  expanding  the  corresponding  exciton-envelope 
wave  functions  in  terms  of  appropriate  Gaussian  functions.  The  electron  and  hole  cyclotron 
resonances  and  intra-magnetoexciton  transitions  are  theoretically  studied  by  exciting  the  allowed 
electron,  hole  and  internal  magnetoexcitonic  transitions  with  far-infrared  radiation.  Theoretical 
results  are  obtained  for  both  the  intra-magnetoexciton  transition  energies  and  oscillator  strengths 
associated  with  excitations  from  Is  -  like  to  2s,  2p±,  and  3p±  -  like  magnetoexciton  states,  and 
from  2p.  to  2s  -  like  exciton  states.  Present  results  are  in  overall  agreement  with  available 
optically  detected  resonance  measurements  and  clarifies  a  number  of  queries  in  previous 
theoretical  work. 


INTRODUCTION 

The  study  of  the  optical  properties  of  semiconductor  heterostructures,  such  as  GaAs- 
(Ga,Al)As  quantum  wells  (QWs)  and  multiple  quantum  wells  (MQWs),  provides  worthy 
information  on  the  physical  nature  of  confined  electrons,  holes,  and  Coulomb-bound  states  such 
as  impurities  and  excitons.  It  is  well  known  that  excitons  essentially  dominate  the  optical 
properties  of  semiconductor  heterostructures  and,  in  particular,  an  external  perturbation  such  as 
an  applied  magnetic  field  perpendicular  to  the  GaAs  and  Gai-xA^As  semiconductor  layers  is  a 
powerful  tool  which  is  expected  to  provide  valuable  information  on  carrier  subbands  and  exciton 
states  via  magneto-optical  studies.  Confined  excitons  in  GaAs-Gai-xAlxAs  QWs  and  MQWs 
under  magnetic  fields  in  the  growth  direction  reveal  themselves  as  a  series  of  hydrogenic-like 
ground  and  excited  magnetoexciton  states,  with  the  internal  transition  energies  among  the 
various  exciton  states  in  the  far-infrared  region  (FIR  -  of  the  order  of  10  meV  or  2.4  THz).  In 
particular,  Salib  et  al  [1]  recently  observed  several  internal  excitonic  transitions  and  found  the  Is 
— >  2p+  heavy-hole  (hh)  exciton  transition  as  dominant  in  GaAs-GaojAlojAs  MQWs  of  Lw  =  80 
A  and  Lw  =  125  A  of  well  width.  They  have  also  assigned  a  “weak”  feature  and  a  “very  weak” 
feature  in  the  experimental  spectra  to  hh  magnetoexciton  1  s  — >  3p+  and  1  s  — >  4p+  transitions, 
respectively,  based  primarily  on  the  magnitude  of  the  energy  separations  with  respect  to  the  Is 
^  2p+  transition.  Also,  some  features  present  in  the  optically  detected  resonance  (ODR)  spectra 
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by  Salib  et  al  [1]  were  attributed  to  hole  cyclotron  resonances  (CRs)  and  others  termed  as  of 
uncertain  origin.  In  a  simultaneous  and  independent  experiment,  Cerne  el  al  [2]  monitored 
changes  in  the  excitonic  PL  that  are  induced  by  FIR  radiation  with  the  electric  field  polarized  in 
the  plane  of  the  QW,  and  observed  resonant  FIR  absorption  by  confined  magnetoexcitons  in 
GaAs  -  Gai.xALAs  QWs  under  magnetic  fields  applied  perpendicular  to  the  well  interfaces.  The 
dominant  resonance  was  assigned  to  the  Is  — >  2p+  hh  exciton  transition,  and  was  found  to  persist 
even  when  the  FIR  electric  field  was  comparable  to  the  electric  field  which  binds  the  exciton. 
More  recently,  Nickel  et  al  [3]  have  used  ODR  spectroscopy  to  study  electron  and  hole  CRs  and 
various  internal  excitonic  transitions  in  a  number  of  GaAs-(Ga,Al)As  MQW  structures.  They 
concluded  that  more  work  is  necessary  to  confirm  the  2p±  assignments,  to  resolve  the  nature  of 
the  higher  energy  intraexcitonic  transitions,  and  to  observe  light-hole  {//?)  CR  and  associated 
intraexcitonic  transitions.  From  the  theoretical  point  of  view,  Duque  et  al  [4]  have  performed  a 
study  of  Is  — >  2p±,  1  s  ->  3pi,  and  1  s  — >  4p±  Ih  and  hh  magnetoexcitonic  transition  energies  in 
GaAs-Gai-xAlxAs  QWs  within  a  variational  procedure  in  the  effective-mass  approximation,  and 
although  some  of  the  theoretical  magnetoexciton  transition  energies  agree  quite  well  with 
experimental  measurements,  other  calculated  results  only  reproduce  qualitative  features  of 
experiment.  In  order  to  provide  a  better  understanding  of  the  terahertz  transitions  of  confined 
magnetoexcitons  in  GaAs  -  Gai.xALAs  QWs  and  of  the  ODR  experimental  data  by  Salib  et  al 
[1],  Ceme  et  al  [2],  and  Nickel  et  al  [3],  here  we  perform  a  more  detailed  theoretical  study  of  the 
various  intraexcitonic  transitions  in  GaAs  -  Gai.xAlxAs  QWs  under  magnetic  fields  applied  along 
the  QW  growth  direction. 


THEORETICAL  FRAMEWORK 

We  work  in  the  effective-mass  approximation  and  are  interested  in  Wannier-exciton  states  in 
GaAs-Gai-xAlxAs  QWs  of  width  Lw  in  the  pre.sence  of  a  magnetic  field  parallel  to  the  growth 
direction  of  the  heterostructure.  We  assume  the  spin-orbit  splitting  to  be  large  enough  that  the 
interaction  between  J  =  3/2  and  J  =  1/2  states  may  be  disregarded.  For  simplicity,  we  take  the 
relative  motion  of  the  carriers  and  that  of  the  center  of  mass  as  independent,  although  one  may 
only  make  this  separation  in  the  plane  of  the  well  [6J,  and  write  the  exciton  envelope  wave 
functions  as  =  where  p  is  the  e-/?  relative  coordinate  in  the  plane 

of  the  QW.  In  what  follows,  we  will  restrict  our  attention  to  independent  excitons  and  discard  the 
off-diagonal  elements  in  the  hole  Hamiltonian  [5],  i.e.,  we  neglect  effects  due  to  hole-subband 
mixing  in  the  calculation.  Image-charge  effects  arc  not  considered  and  the  e-h  Coulomb 
interaction  is  assumed  to  be  screened  by  an  average  static  dielectric  constant  of  the  GaAs  and 
Gaj.xAlxAs  bulk  materials.  The  values  of  the  .square  potential-well  barriers  KT^Jand  Vy(z,,)  are 
determined  from  the  Al  concentration  and  a.ssumed  to  be  65%  and  35%  of  the  total  energy-band- 
gap  discontinuity,  respectively.  Also,  although  actual  measurements  arc  for  GaAs-GiUKTAIo.^As 
superlattices  (SLs),  we  have  ignored  SL  tunneling  effects  and  performed  calculations  for  single 
isolated  GaAs-Ga^jAL.^As  QW^s. 

We  may  now  expand  the  exciton  envelope  wave  functions  (p,  )  in  terms  of  single- 

particle  f,f' (2^.)  and  f,i  {2,,)  .solutions  of  the  effective-mass  equation  for  electron  or  hole 
motion,  re.spectively,  along  the  z-axis  of  the  QW,  and  write  [7] 
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(p,  z,„  z„ ) = 2  (p>  (?)  //'  (z, )  /.r  (z,, ) .  (1) 

w,/ji 

with 

j 

where  the  expansion  is  made  in  a  restricted  set  of  Gaussian  functions  with  appropriate  length 
parameters  Xj,  and  s  is  an  integer  associated  with  the  conserved  z  component  of  the  total  angular 
momentum  [7].  We  assume  the  hh  and  Ih  exciton  Hamiltonians  of  ref,  [5],  and  the  GaAs 
conduction-band  effective-mass  and  dielectric  constant  as  =  0.0665  (in  units  of  the  free 
electron  mass  mo)  and  £  =  12.5,  respectively;  the  relevant  mass  parameters  and  the  Luttinger 
valence-band  parameters  are  taken  from  Bauer  and  Ando  [5  ].  In  what  follows,  magneto-exciton 
energy  states  are  labeled  as  nim  which  correspond  to  an  nlm  -like  exciton  state 

composed  of  a  electron  (with  Jl  =  +1/2)  and  a  hole  (with  =  ±1/2,  ±3/2). 

We  also  note  that,  in  the  dipole  approximation,  the  a(co)  magneto-absorption  coefficient  for 
the  intraexcitonic  Is  ^  np±  transitions  is  essentially  given  by 

S{Ej-E,^-h0)),  (3) 

where  8  corresponds  to  the  photon  polarization  and  to  the  relative  mechanical  momentum  of 
the  e-h  pair, 

RESULTS  AND  DISCUSSION 

We  first  point  out  that,  in  the  calculation  by  Duque  et  al  [4],  the  exciton  envelope  wave 
function  is  described  as  a  product  of  variational  hydrogenic-like  wave  functions  and  electron  and 
hole  ground-state  solutions  of  the  effective-mass  equation  for  motion  along  the  z-axis  of  the 
QW.  In  the  present  approach,  the  exciton  wave  function  is  written  in  terms  of  products  of 
Gaussian  functions  with  appropriate  hole  and  electron  single-particle  states  [contribution  of  the 
ground  state  and  excited  states,  cf.  eq.  (1)].  For  allowed  spin-conserving  transitions  involving 
the  lo west-energy  exciton  states,  i.e.,  for  the  /?/i  Is  ^  2p+  magnetoexciton  transitions,  one  finds 
very  good  agreement  between  the  two  calculations,  whereas  for  higher-energy  /z/?  Is  — >  3p±  and 
//?  Is  — >  2p±  and  1  s  — >  3p±  magnetoexciton  transitions  both  theoretical  approaches  end  up  in 
quantitatively  different  results.  Of  course,  the  present  scheme  is  more  reliable  from  the 
quantitative  point  of  view,  and  better  describes  higher-energy  states  as  the  exciton  envelope 
wave  function  in  eq.  (1)  includes  the  effects  of  excited  electron  and  hole  single-particle  in  its 
expansion. 

The  energies  corresponding  to  Ih  and  hh  Is  ^  2p±  and  Is  3p±  magnetoexciton  transitions 
are  shown  in  Fig.  1(a)  for  a  80  A  GaAs-Gao.70Alo.30As  QW.  Notice  that  the  experimental  FIR 
data  by  Salib  et  al  [1]  are  in  fair  agreement  with  intraexcitonic  theoretical  transitions,  although 
any  assignment  of  the  experimental  higher  energy  FIR  data  to  specific  magnetoexciton 
transitions  is  difficult  to  make.  Figure  1(b)  displays  the  calculated  Ih  and  hh  intraexcitonic 
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magneto-absorption  coefficient,  for  left-  and  right-circularly  polarized  light  in  the  well  plane, 
also  in  the  case  of  a  Lw  =  80  A  GaAs-Ga<).7Al(,.3As  QW.  It  is  then  clear  that  the  oscillator 
strength  of  the  Ih  and  hh  Is  ->  2p±  intraexcitonic  transitions  are  of  the  same  order  of  magnitude 
and  that  the  Ih  Is  — >  2p±  transitions  should  therefore  be  experimentally  observable.  The 
calculated  results  in  Fig.  1(b)  unambiguously  indicate  that,  if  one  performs  the  experiment  with 
appropriately  polarized  photons,  both  the  Ih  and  hh  Is  2p.  exciton  transitions  should  be 
noticeable  in  the  measured  spectra.  Also,  one  clearly  .sees  [for  B  =  1, 2,  and  3  T  in  Fig.  1(b)]  that 
weaker,  higher  energy  features  in  a((0)  corresponding  to  Ih  and  hh  Is  ->  3p±  transitions  should 
be  observable,  provided  one  is  able  to  perform  the  experiment  with  higher  spectral  resolution;  in 
fact,  one  notices  that  some  of  these  higher  energy  transitions  do  show  up  in  the  experiment 
corresponding  to  the  U  =  80  A  sample  [see  Fig,  l(a)l. 

Although  not  shown  here,  we  have  evaluated  the  Ih  and  hh  Is  ^  2p±  magnetoexciton 
transition  energies  and  magneto-absorption  coefficient  for  a  100  A  GaAs-GaojoAlo.joAs  QW. 
Results  are  in  quantitative  agreement  with  FIR  data  and,  in  particular,  some  higher-energy 
experimental  transitions,  which  Cerne  et  al  [21  do  not  assign  to  any  specific  intraexcitonic 
transition,  are  found  to  correspond  to  //Ms  ->  2p+  magnetoexciton  transitions.  We  have  also 
calculated  the  hh\s  -  2s  dispersion  (separation  of  60  cm  *  at  zero  magnetic  field),  and  it  agrees 
quite  well  with  the  Is  -  2s  energy  separation  obtained  by  Cerne  et  al  [2]  with  PL  and  PLE 
measurements.  Moreover,  we  found  that  the  lowest  FIR  frequency  resonance  is  due  to  free- 
electron  CR  and  not  to  hh  2p.  2s  transition  energies,  as  suspected  by  Cerne  et  al  [2]. 

In  order  to  analyze  the  recent  magnetoexciton  experimental  FIR  data  by  Nickel  et  al  [3],  one 
should  notice  that,  for  wide  wells,  heavy  and  light  holes  should  be  strongly  mixed,  and  hole- 
subband  mixing  must  be  taken  into  account.  In  order  to  mimic  this  effect,  one  may  choose  to 
continue  to  work  with  the  parabolic  one-particle  Hamiltonian  and  adequately  change  the 
effect ive-ma.ss  parameters  and  dielectric  constant  in  order  to  fit  the  FIR  experimental  transitions. 
Corresponding  calculated  results  for  the  Is  — >  2p±  and  Is  -4  3p+  magnetoexciton  transition 
energies  and  magneto-absorption  coefficient  are  shown  in  Fig.  2  for  the  K.  =  150  A  sample,  with 
e(GaAs)  chosen  as  13.9,  and  the  conduction  -  electron  effective  mass  chosen  as  0.075  m,,.  In  Fig. 
2(a),  the  full  down-triangles  magnetic-field  dependent  experimental  FIR  energies  correspond  to 
Is  -4  2p.  calculated  magnetoexciton  transitions  for  a  valence-band  effective  mass  of  0.3  mo, 
whereas  the  full  up-triangles  FIR  data  correspond  to  the  Is  -4  2p.  transitions  for  a  valence-band 
effective  masses  chosen  as  0.79  nio.  The  value  of  0.79  mo  for  the  valence-band  in  the  case  of  Lw 
=  150  A  is  certainly  peculiar,  but  it  reflects  the  unexpected  experimental  behavior  [3],  i.e.,  in  the 
case  of  the  Lw  =  1 50  A  sample  the  difference  of  the  1  s  2p.  experimental  magnetoexciton 
transitions  (up-  and  down-triangles)  is  higher  than  in  the  Lw  =  200  A  case  -  sec  data  in  ref.  [3]  - 
in  which  the  mixing  of  hh  and  Ih  should  be  stronger.  Further  studies  are  necessary  to  clarify  this 
point. 

Summing  up,  theoretical  results  in  GaAs-(Ga,Al)As  QWs  arc  obtained  for  intra- 
magnetoexciton  transition  energies  corresponding  to  excitations  from  Is  -  like  to  2s  -,  2p±  -,  and 
3p±  -  like  magnetoexciton  states,  and  from  2p.  -  to  2s  ~  like  states.  We  have  also  presented  results 
for  the  a(co)  magneto-absorption  coefficient  corresponding  to  the  intraexcitonic  Is  np± 
transitions,  in  the  dipole  approximation,  for  the  case  of  left-  and  right-circularly  polarized 
photons.  Finally,  we  have  compared  the  present  theoretical  results  with  available  optically 
detected  resonance  mea.surements,  and  obtained  good  overall  agreement.  Nevertheless,  there  are 
.still  several  a.spects  of  the  magnetoexciton  problem  that  arc  unclear  or  unexpected,  and  quite 
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magnetic  field  (T)  photon  energy  (cm  ’) 

Figure  1.  (a)  Light-hole  (dashed  curves)  and  heavy-hole  (full  curves)  Is  2p±  and  Is  ^  3p± 
calculated  magnetoexciton  transition  energies,  with  experimental  data  (full  circles)  taken  from 
Salib  et  al  [1];  (b)  Intraexcitonic  light-hole  {Ih)  and  heavy-hole  {hh)  Is  — >  np+  magneto¬ 
absorption  coefficient,  for  the  case  of  left-  and  right-circular ly  polarized  light  in  the  well  plane; 
the  column  of  numbers  on  the  left  gives  values  of  the  applied  magnetic  field  in  Teslas  (T), 
Results  are  for  Lw  =  80  A  GaAs-GaojAlosAs  QWs  under  magnetic  fields  applied  along  the 
growth  direction  of  the  heterostructure. 


magnetic  field  (T)  photon  energy  (cm‘^) 

Figure  2.  (a)  Calculated  Is  ^  2p±and  Is  ^  3p±  magnetoexciton  transition  energies,  with 
experimental  data  (solid  dots)  taken  from  Nickel  et  al  [3].  Calculations  assume  the  in-plane 
heavy-hole  mass  as  0.79  nio  (full  curve)  and  0.30  mo  (dotted  line);  (b)  Intraexcitonic  Is  — >  np± 
magneto-absorption  coefficient,  for  the  case  of  left-  and  right-circular  ly  polarized  light  in  the 
well  plane;  the  column  on  the  left  gives  values  of  the  applied  magnetic  field  in  Teslas  (T). 
Results  are  for  Lw  =  150  A  GaAs-Gao.HsAlo.isAs  QWs  under  magnetic  fields  applied  along  the 
growth  direction  of  the  heterostructure. 
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certainly,  further  experimental  and  theoretical  studies  are  needed.  In  that  sense,  it  would  be  of 
interest  to  perform  experimental  studies  with  right-,  left-  and  linearly-polarized  light  in  the  plane 
of  the  QW,  and  investigate  the  possible  observation  of  FIR  features  which  could  be 
unambiguously  associated  to  Ih  cyclotron  resonances  and  Ih  intraexcitonic  transitions. 
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ABSTRACT 

The  main  aim  of  this  work  is  to  study  electron  scattering  in  imperfect  semiconductor 
heterostructurcs.  The  source  of  unintentional  disorder  is  the  interface  roughness  at  the 
hetcrojunctions  occurring  during  growth.  In  order  to  achieve  this  goal  we  solve  numeri¬ 
cally  the  two-dimensional  Ben  Daniel-Duke  equation  for  the  electron  scattering  problem. 
Our  model  assumes  open  boundary  conditions  along  the  growth  direction  and  periodic 
ones  parallel  to  the  heterojunctions.  We  then  compute  the  reflection  and  transmission  ma¬ 
trices  that  govern  channel  mixing  due  to  interface  roughness  scattering.  The  knowledge  of 
the  mixing  matrices  allow  us  to  calculate  the  transmission  coefficient  in  any  heterostruc¬ 
ture  made  of  wide  gap  semiconductors.  As  an  example,  we  compute  the  transmission 
coefficient  in  resonant  tunneling  devices  based  on  double-barrier  structures. 

INTRODUCTION 

Electron  scattering  by  imperfect  hetero junctions  reduces  electron  mobility  due  to 
rough  surfaces  even  in  good-quality  heterostructures  [1].  So  far,  there  are  analytical 
results  concerning  the  propagation  of  wave  packets  in  a  randomly  layered  medium  when 
the  potential  is  a  random  function  of  only  one  coordinate  [2],  but  for  a  small  number  of 
layers,  as  in  double  barrier  hetorostructures  (DBH),  in-planc  disorder  becomes  important 
and  one  expects  such  approaches  to  fail.  Realistic  models  of  in-plane  disorder  usually  lead 
to  intractable  analytical  models;  hence  the  importance  of  numerically  solvable  models  to 
bridge  this  gap.  An  important  contribution  was  already  provided  by  Henrickson  et  al., 
who  applied  the  tight-binding  Green  function  method  to  account  for  electron  scattering 
by  interface  roughness  in  imperfect  DBH  [3].  However,  in  this  paper  electron  transmission 
through  a  DBH  was  described  by  a  rather  artificial  model  of  disorder,  namely  periodic 
roughness  with  random  relative  phases  at  the  interfaces. 

In  the  present  work  we  introduce  a  two-dimensional  effective-mass  model  to  study  the 
effects  of  interface  roughness  scattering  on  electron  transmission  through  semiconductor 
hetorostructures.  To  this  end,  the  Ben  Daniel-Duke  equation  is  discretized,  boundary 
conditions  are  discussed  and  scattering  solutions  are  found  by  means  of  the  transfer- 
matrix  method  for  any  arbitrary  heterostructure  made  of  wide  gap  semiconductors.  The 
model  is  worked  out  in  a  two-dimensional  space  for  computational  limitations,  although 
it  will  be  clear  that  generalization  to  three  dimensions  is  rather  straightforward.  Finally, 
we  present  the  numerical  results  for  the  transmission  coefficient  through  imperfect  DBH 
and  the  main  conclusions  of  the  work. 
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THEORY 

We  consider  the  Ben  Daniel-Duke  equation  with  constant  effective  mass  m*  at  the 
r  valley  for  the  electron  envelope  function  2),  where  the  two  spatial  directions  are 
shown  in  Fig.  1.  The  whole  structure  is  divided  into  three  different  regions,  namely  left 
(I)  and  right  (III)  contacts  and  the  DBH  (II),  where  scattering  by  lateral  disorder  takes 
place. 


Scattering  region 
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Figure  1.  Scln'inatic  view  of  the  sami)l('.  Regions  I  and  III  are  the  (>l('ctri- 
cal  contacts  of  the  sample  and  electrons  uiuh'rgo  scattering  j)r()cesses  by  lateral 
disorder  only  at  region  II  (DBH). 


We  consider  a  mesh  with  lattice  spacings  ay  and  a,  in  the  y  and  c  directions,  re¬ 
spectively.  Defining  ty  =  -/},7(2/n*«J)  and  t,  =  -ti^l{2m*al),  we  obtain  tlie  discretized 
equation  for  the  envelope  function 

+  +  V’«-l,rn)  +  fy(VVr,m4-l  +  VV-.m-l)  +  ~  =  E'lpn.m-  (1) 

The  potential  term  Uj,j„  in  E(j.  (1)  is  given  by  the  conduction-band  edge  energy  at 
tlu?  j)oiiit  {nay.rria,)  which,  in  turn,  dep('nds  on  tlu'  A1  mole  fraction  in  the  vicinity  of 
that  position.  Th(‘r('for<?,  lateral  disord('r  (niters  the  eciuation  through  this  diagonal  term. 
Contacts  are  charact{'riz(’d  by  flat  band  conditions,  U{n,jn)  =  0.  Solutions  of  Ecp  (1)  can 
be  determined  from  the  appropriate  boundary  conditions  by  using  the  transfi'r  matrix 
method.  The  boundary  conditions  are  open  in  the  2:  dircx^tion,  and  periodic  on  each  slid(‘, 
that  is  in  the  y  direction.  The  former  imply  plane  wave  solutions  in  the  s  axis,  and  the 
latter  yield  an  energy  discretization  on  y.  As  a  consequence,  this  discretization  results 
in  a  number  of  transverse  channels  equal  to  the  number  of  points  in  the  transverse  mesh 
direction.  Once  tin'  solutions  are  known,  the  transmission  coefficitmt  is  conii)ut('d  as  a 
function  of  the  electron  energy. 
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MODEL  OF  DISORDER 


In  order  to  treat  lateral  disorder,  wo  have  considered  the  occurrence  of  islands  on 
the  interface  between  two  consecutive  layers  having  identical  lateral  sizes  all  of  them  and 
being  consecutive  one  to  each  other.  In  our  model,  islands  have  heights  (measured  from 
mean  position  of  the  heterojiinction)  that  are  randomly  distributed  to  mimic  random 
fluctuations  of  local  flux  of  atoms  during  growth.  It  is  then  feasible  to  express  the  rough 
profile  of  the  interface  between  two  consecutive  epilayers  defining  the  following  height 
function 

Ky)  =  T/JZ 

n 

Here  h{y)  represents  the  deviation  from  the  flat  surface  at  position  y,  0  is  the  Heavyside 
theta  function,  (  is  the  island  width,  is  a  random  variable  associated  to  the  n  th  island 
that  controls  the  fluctuation  around  the  mean  value,  and  77  is  the  largest  deviation  — in 
absolute  value  -  -  assuming  that  the  WnS  are  uniformly  distributed  between  —1  and  1. 
Hereafter  77  will  be  referred  to  as  degree  of  lateral  disorder.  The  random  variables  Wn  take 
values  from  —1  to  1  uniformly,  satisfying  the  following  correlator  {wnWm)  =  where 

the  brackets  indicate  average  over  different  realizations  of  the  disorder.  In  particular, 
notice  that  {h{y))  =  0. 


Figure  2.  Islands  modeling  lateral  disorder  (roughness)  at  the  interface 
between  two  epilayers  (GaAs  and  Ala;Gaa_a;AS). 


RESULTS 

We  have  performed  several  numerical  calculations  in  order  to  study  the  effect  of  both 
lateral  and  compositional  disorder  over  the  transport  properties  of  DBH  made  of  GaAs- 
Ala;Gai_xAs  heterostructures.  We  start  by  considering  the  effect  of  the  interface  rough¬ 
ness,  characterized  by  the  degree  of  lateral  disorder  77  given  in  (2). 
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Figure  3  shows  the  transmission  coefficient  calculated  for  different  values  of  7/.  Here 
Uy  =  10 nm,  a,  =  0.3  nm,  =  20iim,  M  =  50,  and  N  =  38.  The  barrier  widths  are  2.1  nm 
for  both  the  emitter  and  the  collector,  their  heights  are  also  the  same,  0.3  eV,  and  the  well 
width  is  4.8 nm.  Thn'c  diffcueiit  vahu's  of  ?/  weix'  studi('d,  narm'ly  7/  =  0  (jx'rfect  DBH), 
1]  =  0.3  nm  (largest  fluctuation  of  th(’  order  of  one  monolay('r)  and  ?/  =  0.6  nm  (largest 
fluctuation  of  tlu'  ord(T  of  two  monolayers).  As  a  main  result,  it  can  b(‘  seen  in  Fig.  3 
that  increfLsing  the  degree  of  lateral  disorder,  results  in  a  deerea.se  of  the  transmission 
probability  at  the  resonant  energy.  Notice  that  the  resonant  p(’ak  slightly  wid{'ns  due  to 
the  fluctuations  of  its  energy  for  each  realization  of  the  disorder.  Besides,  an  additional 
effect  can  be  seen,  that  is,  as  the  degree  of  lateral  disorder  7/  increases  the  conductance 
peak  .shifts  to  smaller  energies.  The  lowering  of  the  energy  of  the  resonance  can  be 
understood  assuming  that  surface  roughness  makes  the  effective  width  of  the  quantum 
well  larger  than  its  nominal  value.  This  shift  would  make  both  the  threshold  voltage 
and  th(?  negative  diffc'nmtial  n'sistance  in  th(‘  curnuit  voltage'  cliaracte'ristic  of  DBH  to 
app(?ar  at  lower  bias.  But  an  <'ffectiv('  wich'r  w('ll  implies  a  higher  current  too,  .so  in  some 
statistical  sc'iise  tlu'  current  for  the  disorden'd  DBH  will  be  higln'r. 


Figure  3.  Transmission  coefficient  through  an  ordered  DBH  compared  with 
that  of  a  disordc'red  DBH  for  two  diff(‘rent  value's  e)f  the'  eh'gre'e  e)f  lateral  elise)rel('r 
7/.  The  disordc'n'e!  re'sults  ce)mpris('  100  re'alizations  e)f  the'  elise)rele'r. 


Re^garding  the  e’ffe'ct  e)f  the  size'  of  th('  islanels,  we'  have'  obse'rve'ei  that  it  e'an  be' 
neglected  unless  this  size  is  of  the  order  of  the  edectron  wave'length,  that  is,  for  C  >  A, 
the  transmission  coefficient  does  not  depend  on  C  As  expected,  when  A,.  <  (  the  electron 
.starts  to  see  each  island  and  then  the  transmission  coefficient  decreases  as  ^  increa.ses,  as 
shown  in  Fig.  4.  For  energies  about  0.1  eV  this  transition  takes  place  at  sizes  (  ~  10  nm  [3]. 
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E{eV) 


Figure  4.  Transmission  coefficient  through  imperfect  DBH  as  a  function  of 
the  size  of  the  islands  for  C  ~  Ap.  (dotted  line)  and  C  <  Ae  (dashed  line).  Curves 
comprise  50  realizations  of  the  disorder.  Inset  shows  an  enlarged  view  of  the 
main  resonance  peak. 


CONCLUSIONS 

In  this  paper  we  have  presented  a  method  to  study  electron  transmission  in  uninten¬ 
tionally  disordered  heterostructures  with  rough  interfaces.  We  have  shown  that  the  main 
effects  of  the  lateral  disorder  are  to  decrease  the  transmission  trough  DBH  and  to  lownr 
the  resonant  energy.  As  a  consequence,  our  model  predicts  that  the  threshold  voltage  of 
resonance  tunneling  diodes  becomes  smaller  in  imperfect  quantum  devices. 
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ABSTRACT 

We  have  measured  the  diamagnetic  shifts  and  photoluminescence  linewidths  of  excitonic 
transitions  in  ordered  and  disordered  100.48^^0.52^  alloys,  lattice  matched  to  GaAs,  in  pulsed 
magnetic  fields  at  4  and  76K.  The  pulsed  magnetic  field  ranged  between  0  and  50T.  The  variations 
diamagnetic  shifts  with  magnetic  field  in  disordered  and  weakly  ordered  samples  are  considerably 
smaller  than  those  calculated  using  a  free  exciton  model.  For  a  given  magnetic  field,  the  value  of 
the  diamagnetic  shifts  are  found  to  increase  with  increasing  order  parameter.  Furthermore,  for  all 
samples,  the  diamagnetic  shifts  at  76K  are  larger  than  at  4K  suggesting  that  the  excitons  are 
strongly  localized. 

INTRODUCTION 

An  understanding  and  appreciation  of  the  material  parameters  for  the  InGaP/GaAs  system  are 
important  for  laser  and  solar  cell  applications.  In  particular,  this  material  system’s  bandgap  energy 
can  be  tuned  by  the  phenomenon  known  as  spontaneous  ordering,  where,  depending  on  the 
growth  conditions,  the  InGaP  crystal  structure  can  be  a  randomly  disordered  alloy  with  the  zinc- 
blende  structure  or  can  form  a  long-ranged  ordered  monolayer  (AC)i/(BC)i  superlattice  in  the 
(111)  orientation,  known  as  the  CuPt2-like  crystal  structure.  The  degree  of  ordering  has  been  cast 
in  terms  of  an  order  parameter  T|,  For  T|  =  0,  i.e.,  disordered  zincblende  structure,  the  4-K  bandgap 
energy  is  nearly  2  eV  while  for  T|  ==  0.5  (CuPt2-like)  the  4-K  bandgap  energy  is  smaller,  -1.9  eV. 
An  excellent  review  describing  this  phenomena  can  be  found  in  the  article  by  Zunger  and 
Mahajan  [1]. 

Low-temperature  photoluminescence  (PL)  is  routinely  used  to  asses  the  quality  of  semicon¬ 
ductor  alloys.  At  liquid  helium  temperatures,  the  PL  full-width-at-half-maximum  (FWHM)  line- 
width  of  an  excitonic  transition  is  generally  larger  than  those  observed  in  their  binary 
components.  This  broadening  is  proportional  to  the  amount  of  compositional  disorder  [2-9]  which 
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is  inevitably  present  in  these  systems.  Because  alloy  fluctuations  arc  reduced  in  ordered  struc¬ 
tures,  the  PL  FWHM  linewidth  decreases  with  increasing  order  parameter  r|  [10]. 

In  this  paper  we  present  PL  data  at  4  and  76K  for  the  diamagnetic  shifts  of  the  cxcitonic  tran¬ 
sition  and  FWHM  as  a  function  of  magnetic  field  in  two  InGaP  samples,  a  weakly  ordered  and 
disordered  Ino^^^Gao  52P  alloy.  For  both  the  weakly  ordered  and  disordered  samples,  we  find  that 
the  observed  variations  of  the  FWHM  with  magnetic  field  are  smaller  than  those  calculated  by 
Lee  and  Bajaj[7]  using  a  free  exciton  model.  The  value  of  the  exciton  diamagnetic  shift,  for  a 
given  magnetic  field,  is  also  dependent  on  T|.  The  values  of  the  diamagnetic  shifts  arc  found  to 
increase  with  increasing  order  parameter.  Furthcnnorc,  for  all  samples,  the  diamagnetic  shifts  at 
76K  are  larger  than  at  4K  suggesting  that  the  excitons  are  strongly  localized.  Previously  reported 
magnetic  field  studies  [11,  12]  for  InGaP  alloys  were  restricted  to  the  disordered  samples. 

EXPERIMENTAL 

The  InGaP  samples  were  grown  by  metal-organic  vapor-phase-deposition  (MOCVD.)  Sub¬ 
strates  used  were  n'^-type  GaAs  with  a  misorientation  of  6°  to  the  nearest  <1 1 1>A  axis.  A  struc¬ 
ture  consisting  of  a  epilayer  of  GaAs  grown  on  top  of  the  substrate  followed  by  a  1-pm-thick- 
layer  of  InGaP.  The  order  parameters  were  determined  using  polarized  PL  techniques  described 
in  Ref.  10.  The  samples  are  loaded  directly  into  liquid  helium  in  the  tail  of  a  cryostat  which  itself 
slips  into  the  15-mm-diamcter  bore  of  a  0.5-scc-duration  50T  pulsed  magnet.  Light  is  coupled  to 


Figure  1.  Low  temperature  (T=4K)  photoluminescence  spectra  for  a  weakly  ordered,  ri=  0.5, 
InGaP  sample  (a)  and  a  disordered,T)  =  0,  InGaP  sample  (b).  As  explained  in  the  text,  the  lower 
energy  peak  in  spectrum  (a)  is  from  an  impurity  bound  exciton. 
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the  sample,  and  PL  is  collected  from  the  sample,  via  a  single  600-|i.m-diameter  optical  fiber.  The 
PL  signal  is  dispersed  by  a  1/3M  spectrometer  and  detected  by  a  back-thinned  CCD  detector.  The 
CCD  detector  collects  high-resolution  spectra  continuously  throughout  the  entire  magnet  pulse  at 
a  rate  of  600Hz.  In  this  way  the  entire  magnetic  field  dependence  of  the  PL  is  acquired  in  a  single 
50T  magnet  pulse.  The  magnetic  field  orientation  was  along  the  <100>  crystallographic  axis.  Cur¬ 
rently,  it  is  not  possible  to  align  the  magnetic  field  along  the  <1 1 1>  direction,  one  of  the  principal 
axis  for  the  CuPt2-like  structures,  in  the  small-bore  pulsed-field  magnet  solenoid. 

Figure  1  shows  4-K  spectra  for  the  two  InGaP  samples  discussed  here.  Spectrum  (a)  is  from 
the  weakly  ordered  (rj  0.5)  sample  #MA407,  while  (b)  is  from  a  disordered  (rj  =  0)  sample 
#MA565.  For  these  two  spectra,  the  laser  power  density  was  about  1  mW/cm^.  A  study  of  the 
intensity  of  the  two  peaks  as  a  function  of  laser  power  density  (and  temperature)  indicates  that  the 
lower  energy  peak  of  (a)  is  a  result  of  unknown  impurity  bound  exciton  luminescence. 

RESULTS  AND  DISCUSSION 

Figure  2  shows  the  magnetic  field  dependencies  for  the  diamagnetic  shifts  at  T  =  4K.  Also 
shown  in  Fig.  2  are  calculated  diamagnetic  shifts  for  two  cases:  (1)  The  diamagnetic  shift  for  an 
InGaP  free  exciton,  reduced  exciton  mass  p^v  =  (2)  the  diamagnetic  shift  for  a  InGaP 

infinite  valence-band  mass  exciton,  Pusjp  =  0.13.  The  diamagnetic  shift  for  the  disordered  sample 
(b)  and  the  calculated  diamagnetic  shift  for  the  infinite  valence-band  mass  exciton  pj^s^pare  nearly 
identical  strongly  suggesting  that  the  valence-band  holes  are  strongly  localized  in  this  disordered 
InGaP  sample.  On  the  other  hand,  the  diamagnetic  shift  for  the  weakly  ordered  sample  (a)  falls 
between  the  two  theoretical  cases  suggesting  that  the  valence-band  holes  are  less  localized  when 
compared  with  results  from  the  disordered  sample.  Not  shown  here  are  diamagnetic  shifts  for 
InGaP  samples  with  varying  order  parameters  ri.  However,  the  same  general  conclusions  are 
reached,  i.e.,  for  a  given  magnetic  field,  with  increasing  order  parameter  -q,  the  value  of  the  dia¬ 
magnetic  shift  also  increases. 

Figure  3  shows  the  dependence  of  the  4-K  FWHM  for  the  weakly  ordered  and  disordered 
InGaP  samples.  As  can  be  seen,  the  value  of  the  zero-field  FWHM  of  about  6  meV  for  the  weakly 
ordered  sample,  trace  (a),  is  much  less  than  the  8  meV  zero-field  FWHM  disordered  sample,  trace 
(b)  and  as  mentioned  previously,  the  reduction  in  the  FWHM  in  going  from  a  disordered  to  an 
ordered  sample  is  a  result  of  reduced  alloy  fluctuations  in  ordered  structures  [10].  The  theoretical 
FWHM  magnetic  field  dependence  in  a  semiconductor  alloy  has  been  calculated  by  Mena  et  al., 
[13].  Currently,  a  comparison  between  theory  and  experiment  for  the  data  shown  in  Fig.  3  are 
being  performed  and  the  results  will  be  reported  in  detail  at  a  later  date. 

The  76-K  diamagnetic  shift  data  is  shown  in  Fig.  4.  The  calculated  diamagnetic  shifts  for  the 
two  excitons  with  reduced  masses  p^y  PiNF  the  same  as  shown  in  Fig.  2.  It  is  obvious 
from  Fig.  4  that  the  diamagnetic  shifts  for  both  the  weakly  ordered  and  disordered  samples  are 
larger  at  76K  compared  to  the  4-K  data  shown  in  Fig.2.  One  possible  explanation  is  that  the  exci¬ 
ton  center-of-mass  thermal  energy  has  overcome,  somewhat,  the  valence-band  mass  confinement 
potential  leading  to  an  apparent  ''lighter"'  exciton  reduced  mass  and  hence  a  larger  diamagnetic 
shift.  In  order  to  clarify  these  speculations,  further  experiments  are  needed  before  definite  conclu¬ 
sions  can  be  reached. 

For  completeness  we  show  the  76-K  FWHM  magnetic  field  dependence  for  the  two  samples 
in  Fig.  5.  The  increased  FWHM  at  76K  is  a  result  of  broadening  due  to  the  higher  temperatures. 
Because  of  thermal  broadening,  the  FWHM  for  both  samples  are  nearly  the  same. 
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Figure  2.  Magnetic  field  dependence  of  the  exciton  diamagnetic  shift  at  4K.  The  left  graph  (a)  is 
for  the  partially  ordered  InGaP,  Eg^p  =  1903.2  meV.  The  right  graph  (b)  is  for  the  disordered  sam 
Egap  =  1999.2  meV.  The  theoretical  diamagnetic  shifts  for  a  free  exciton  with  reduced  excitor 
mass,  Pav  =  0-08,  and  an  infinite-valence  band  mass  exciton,  =  0.13  are  shown. 
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Figure  3.  Magnetic  field  dependence  of  the  FWHM  at  4K.  The  upper  trace  (b)  is  for  the  disor¬ 
dered  InGaP  and  the  lower  trace  (a)  is  for  the  partially  ordered  InGaP  sample. 


316 


Figure  4.  Magnetic  field  dependence  of  the  exciton  diamagnetic  shift  at  76K.  Graph  (a)  is  for  par¬ 
tially  ordered  InGaP  and  graph  (b)  is  for  disordered  InGaP.  The  76K  bandgap  energies  are  respec¬ 
tively  Egap  =  1900  meV  and  Eg^p  =  2004.8  meV  for  graphs  (a)  and  (b).  The  theoretical  shifts 
labeled  M^inf  the  same  as  shown  in  Fig.  2. 


Figure  5.  Magnetic  field  dependence  of  the  FWHM  at  76K.  The  dashed  trace  (a)  is  for  the  par¬ 
tially  ordered  InGaP  and  the  solid  trace  (b)  is  for  the  disordered  sample. 
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CONCLUSION 


In  summary,  we  have  measured  both  the  diamagnetic  shifts  and  the  linewidths  of  excitonic 
transitions  in  a  series  of  weakly  ordered  and  disordered  Ino.4KGa()  <^2?  alloys,  lattice  matched  to 
GaAs,  as  a  function  of  magnetic  field  at  4  and  76K  using  photoluminescence  spectroscopy.  The 
magnetic  field  was  varied  from  0  to  SOT.  The  value  of  the  exciton  diamagnetic  .shift,  for  a  given 
magnetic  field,  is  also  dependent  on  the  order  parameter  i\.  The  value  of  the  diamagnetic  shifts  are 
found  to  increase  with  increasing  order  parameter.  Furthennore,  for  all  samples,  the  diamagnetic 
shifts  at  76K  are  larger  than  at  4K  suggesting  that  the  excitons  arc  more  localized  at  4K  than  at 
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ABSTRACT 

Negative  Electron  Affinity  (NEA)  of  Diamond-like-Carbon  (DLC)  films  has  made  DLC 
films  a  favorable  candidate  for  field  emission  display  (FED).  It  was  suggested  that  triple-junction 
type  structure  could  enhance  the  field  emission  characteristics.  A  triple  junction  is  defined  as  the 
intersection  of  a  semiconductor  surface  with  a  metal  substrate  in  vacuum.  In  this  study,  field 
emission  enhancement  in  triple  junction  type  structures  was  investigated.  As  a  metal  substrate 
5000  of  Mo  films  were  deposited.  Then,  3000-4000  of  DLC  film  was  deposited  as  a 
semiconductor  material.  Thin  film  layers  were  made  using  a  negative  ion  beam  source.  After  the 
deposition,  using  an  excimer  laser,  we  removed  the  DLC  layer  and  made  circular  shaped  triple 
junction  trenches  with  a  diameter  of  25-250  pm.  The  field  emission  characteristics  such  as  I-V 
characteristics  turn  on  voltage  and  emission  lifetime  data  were  obtained  for  a  diode  type  field 
emission  measurement  system.  Overall  results  show  significantly  enhanced  performance  of  field 
emission  characteristics  such  as  uniform  emission  over  patterned  area,  reduced  turn  on  voltages 
and  longer  lifetimes  can  be  achieved. 


INTRODUCTION 

Due  to  its  advantages  such  as  increased  brightness,  improved  viewing  angle  and  lower 
power  consumption  than  Liquid  Crystal  Displays  (LCD),  Field  Emission  Display  (FED)  has 
become  a  big  research  and  development  field  for  the  next  generation  display  technology.  In 
FED  development,  conventionally,  molybdenum  and  Si  tips  were  widely  used  as  cold-cathode 
material'.  However,  Mo  can  be  easily  contaminated  and  has  poor  mechanical  properties.  Silicon 
is  rather  fragile  and  has  low  thermal  conductivity^.  Recently,  DLC  films  become  a  favorable 
candidate  for  FED  thanks  to  its  Negative  Electron  Affinity  (NEA),  high  thermal  conductivity, 
chemical  inertness  and  high  hardness^.  Also,  field  emission  from  DLC  (diamond-like  carbon) 
films  is  of  particular  interest  because  they  can  be  made  at  room  temperature,  over  large  areas 
and  on  various  kinds  of  substrates  such  as  glass,  metals,  semiconductors,  ceramics  and  polymers. 
Several  years  ago  a  new  electron-emission  mechanism  so  called  triple-junction  type  emission 
for  cold  cathodes  was  proposed".  A  triple  junction  is  the  intersection  of  a  semiconductor  surface 
with  a  metal  substrate  in  vacuum.  Unlike  conventional  mechanisms,  in  which  electrons  tunnel 
from  a  metal  or  semiconductor  directly  into  vacuum,  the  electrons  in  the  triple-junction  type 
structure  tunnel  from  a  metal  into  diamond  surface  states,  where  they  can  be  accelerated  and 
ejected  into  vacuum. 

EXPERIMENTAL  SETUP 

In  this  study,  we  prepared  two  different  sets  of  samples;  the  conventional  diode  structure 
and  the  triple  junction  structure.  As  a  metal  substrate  5000  the  Mo  films  were  deposited.  Then, 
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3000-4000  of  DLC  film  was  deposited  on  lop  of  the  Mo  layer  as  a  semiconductor  material. 
Using  an  excimer  laser,  we  selectively  patterned  the  DLC  layer  producing  circular  triple 
junction  features  with  diameter  of  25  -  250  pm. 

Film  Deposition 

DLC  films  used  in  this  paper  were  made  using  a  direct  ion  beam  deposition  technique. 
With  a  cryogenic  pump  (CTI-cryogenics)  attached  to  the  chamber,  the  base  pressure  was  about 
5x10'  Torr.  The  chamber  pressure  was  monitored  using  a  thermocouple  and  an  ion  gauge.  The 
typical  operating  pressure  of  the  source  with  Argon  plasma  was  on  the  order  of  10"’  Torr,  At  the 
bottom,  a  commercial  8”  magnetron  .sputter  type  negative  ion  source  (SKION  Corporation. 
Omnipotent  series)  was  placed.  In  Molybdenum  deposition,  an  8-inch  diameter  and  0.25  inch 
thickness  99,999%  Molybdenum  target  was  used.  At  DLC  deposition,  the  target  is  changed  to 
99.999%  graphite  target.  The  substrate  holder  with  linear  motion  equipment  had  the  capability 
to  adjust  the  target-to-sub.strate  distance.  During  the  deposition,  an  8-inch  manual  gate  valve 
located  between  the  cryo  pump  and  the  chamber  controlled  the  pressure.  To  reduce  the  work 
function  of  the  sputtering  target,  Cs  vapor  was  introduced  into  the  chamber.  Detailed 
information  about  the  source  and  mechanism  of  Cesium  delivery  is  given  elsewhere\  After  the 
deposition,  the  surface  morphology  of  the  resultant  DLC  samples  was  analyzed  using  an  AFM 
(Digital  Instrument,  Dimention3100).  The  typical  Ra  (mean  roughness)  of  the  film  was  O.lnm. 
To  create  triple-junction  type  emission  spots, 


Field  Emission  measurement 


A  substantial  part  of  this  work  has  been  the  development  of  methods  for  reliable 
measurement  of  the  field  emission  characteri.stics.  For  this  purpo.se,  we  have  built  a  field 
emission  measurement  system.  All  the  measurement  was  performed  inside  a  UHV  chamber, 
which  is  capable  of  keep  the  base  pressure  lower  than  1x10'^  Torr.  Figure  2,  is  the  schematic 
diagram  of  the  system.  The  spacing  between  film  and  phosphor  plate  was  fixed  as  100  pm. 


Figure  1.  Field  Emission  measurement  system:  1. Digital  Camera,  2.Glass,  3.ITO,  4.Phosper 
plate  and  5. Laser  patterned  DLC 
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RESULTS  &  DISCUSSION 


Emitting  area  analysis 

During  the  first  stage  of  the  experiment,  the  emission  test  was  performed  without  any 
modification  of  the  film.  The  very  smooth,  un-doped  DLC  films  are  poor  field  emitters 
regardless  of  their  sp3  content,  high  NEA  and  low  surface  work  function.  At  the  measurement, 
usually  the  first  emission  starts  from  the  edges  of  film  (Figure2.  (a))  or  at  the  damaged  surface 
area.  The  AFM  image  of  the  emitted  area  is  shown  Figure2.  (b)  and  (d).  The  emitted  spot  shape 
like  a  crater  with  some  portion  of  DLC  film  is  taken  off.  After  the  first  emission,  the  emitted 
area  can  maintain  stable  emission  even  after  considerable  amount  of  time  (>10hr).  This  suggests 
that  this  kind  of  emission  can  be  considered  as  a  triple- junction  type  emission.  The  size  of  the 
craters  is  from  5  up  to  150  |xm. 


(a)  lb) 


Figure  2.  The  field  emission  patterns  of  the  DLC  films  and  AFM  images  of  the  emitted  spots:  (a) 
DLC  at  16  V/pm,  (b)  an  emitted  spot  of  (a),  (c)  DLC  20V/pm  and  (d)  an  emitted  spot  of  (c). 


Laser  patterned  DLC 

Based  on  the  results,  we  prepare  a  new  sample  set  with  laser-drilled  holes.  Using  a  laser, 
we  took  off  DLC  layer  and  produced  Mo-DLC-Vacuum  triple  junctions.  Figure  3  is  the  optical 
microscope  image  of  the  resultant  film.  In  this  case  the  diameter  of  the  each  hole  was  100pm 
and  space  between  each  hole  was  300  pm. 
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(a)  (b) 


Figure  3.  The  optical  microscope  images  of  DLC  sample: 


Emission  Result  of  Patterned  Sample 

Using  an  excimer  laser,  we  patterned  a  DLC  coated  4”  wafer  with  25  -  250  pm  holes. 
Figure  4  shows  the  emission  pattern  of  the  100  pm-hole  sample  at  6V/pm  (a)  and  at  1 2V/pm  (b). 
The  result  shows  that  even  though  the  whole  area  was  coated  with  DLC,  the  patterned  area 
emitted  first.  Since  the  high  voltage  was  applied  to  the  center  of  the  wafer  using  a  wire  attached 
with  silver  epoxy,  the  central  area  of  the  wafer  is  brighter  than  edges.  In  other  words,  since  the 
resistivity  of  the  film  is  high,  the  voltage  drop  gets  larger  as  the  distance  increases.  This  effect 
decreased  when  we  used  several  wires  to  connect  different  regions  of  the  sample. 


(a) 


(b) 


Figure  4.  Emission  images  of  the  patterned  DLC  coating;  (a)  @  6V/pm  and  (b)  @  12V/pm 

Field  emission  measurement 

The  I-V  characteristic  of  the  sample  was  measured  using  a  computer  interfaced  digital 
current  meter  (Extech,  CMM-15).  Figure  5  is  a  comparison  of  the  J-V  characteristic  for  DLC 
samples  with  and  without  patterning.  Both  samples  were  deposited  at  the  same  conditions.  The 
result  shows  that  the  turn  on  voltage  of  the  sample  is  enhanced  from  12V/pm  to  4V/pm  with 


patterning.  Also  the  total  emission  current  density  at  15V/|4,m  increased  from  25  |a.A/cm^  to  300 
pA/cm^  for  the  triple  junction  structure. 


Figures.  J-V  characteristic  curve  of  DLC  films:  (a)  DLC  without  any  modification,  (b) 
Laser  patterned  DLC  (Hole  diameter  lOOjXm) 


The  lifetime  study 

In  the  last  stage  of  this  study,  the  lifetime  of  the  emitting  regions  was  investigated.  Figure 
6  shows  the  time  dependence  of  a  sample.  Figure6  (b)  was  taken  after  3  hours.  Total  emission 
current  decreased  approximately  15%  after  3  hours  and  stays  stable  after  that.  Also  emitting 
area  decreases  as  time  goes  by.  In  the  case  of  un-patterned  DLC,  total  emission  current  density 
dropped  about  33%  after  3  hours. 


(a)  (b) 


Figure  6.  The  emission  images  of  the  patterned  DLC  coating:  (a)  initial  image  and  (b)  image 
after  3hours 
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CONCLUSIONS 


DLC  films  have  many  encouraging  characteristics  such  as  high  negative  electron  affinity 
(NEA),  high  thermal  conductivity,  chemical  inertness  and  high  hardness.  However,  the  very 
smooth,  un-doped  DLC  films  are  known  as  poor  field  emitters  regardless  of  their  sp3  content 
and  high  NEA.  After  reviewing  the  emitted  .spots,  a  new  approach  to  enhance  field  emission 
was  tried.  The  new  trial  is  based  on  the  triple  junction  type  field  emission  theory.  Using  an 
excimer  laser,  we  patterned  the  surface  of  DLC  coatings  and  produced  triple  junction  structures. 
The  result  shows  that  triple  junction  structures  can  reduce  the  turn  on  voltage  and  increase  the 
electron  current  density.  Also  the  lifetime  study  shows  that  the  emitted  area  can  maintain 
emission  stably  even  after  a  long  period  of  time.  The  overall  result  shows  that  field  emission 
enhancement  can  be  achieved  by  producing  triple  junction  structures  on  DLC  films. 
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ABSTRACT 

The  paper  deals  with  the  problem  of  luminescence  due  to  non-equilibrium  charge 
carriers  transfer  between  the  quasi-2D  electron  system  localized  in  the  space-charge 
region  of  the  heterostructures  based  on  lead  sulfide  films  (up  to  3  |im  thickness)  and  zinc 
selenide  substrates  surrounded  by  the  wide  gap  semiconductor  region.  The  processes  of 
electro-  and  photoluminescence  are  studied,  the  band  diagram  is  proposed  and  the  main 
parameters  of  the  structure  PbS/quasi-2DEG/ZnSe  are  calculated. 

INTRODUCTION 

Highest  performance  of  modem  often  requires  more  sophisticated  stmctures  and 
non-destructive  methods  of  their  properties  analysis.  Epitaxial  techniques  offer  important 
advantages  in  comparison  with  the  bulk  grown  ones:  lower  temperature,  shorter  growth 
time  and  reduced  precipitation  problems  enable  the  growth  of  large-area  samples  with 
good  parameters.  At  present,  MBE  (molecular-beam  technology)  is  the  most  mature 
method  of  device-quality  layer  fabrication.  In  particular,  semiconductor  devices  based  on 
A^B^-A'^B^’  heterostructures  are  of  special  importance  due  to  the  well-known  “window- 
effect”  as  well  as  a  possibility  to  act  as  a  system  of  quasi-2D  or  quasi-3D  charge  carriers, 
as  it  was  shown  earlier  [1].  The  paper  presents  results  of  photoluminescence  studies 
performed  at  77  K  on  the  isotype  n-n-heterojunctions  PbS/ZnSe  obtained  by  the  MBE 
technology. 

EXPERIMENTAL  DETAILS 
Preparation  of  the  samples. 

The  investigated  isotype  n-n-heterostructures  ZnSe/PbS  were  grown  by  the  MBE 
technology  of  lead  sulfide  (Eg  =  0.41  eV)  films  with  thickness  up  to  3  jim  on  the  (110)- 
oriented  ZnSe  (Eg  =  2.72  eV)  wafers  under  the  substrate  temperature  Ts  =  540  K  (the 
vacuum  level  in  the  effusion  cell  was  estimated  to  be  about  10'^  Tor).  The  samples  of 
1 ,5x3.5  mm^  size  characterized  by  the  film  surface  homogeneity  were  selected  for  the 
examinations.  Parameters  of  the  contacting  materials  are  listed  in  Table  1 . 

Table  1. 

Parameters  of  the  components  of  the  investigated  hetero structures 


Material 

Parameter 

ZnSe 

Ee  =  2.72  eV 

a  =  5.668  A 

e  =  9.leo 

ne  =  (7.8  lO'^’- 2.610'')  cm'" 

PbS:Na 

Ee  =  0.41  eV 

a  =  5.940  A 

e=  175eo 

ne  =  (2  -  8)10''’  cm’" 
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Results  of  electric-field  measurements. 

The  electrophysical  studies  described  for  the  first  time  in  [2].were  shown  that  the 
heterostructures  based  on  the  materials  mentioned  in  the  present  article  are  abrupt 
heterojunctions. 


Fig.  /.  Field  dependencies  of  the 
examined  heterostructure  n-PhSln- 
ZnSe.  Functions  I,  3  are  forward 
sections  and  functions  2,  4  are  reverse 
ones  at  300  and  77  K,  respectively. 


The  further  electric-field  measurements  (Fig.  1)  carried  out  on  the  as-grown 
sfiecimens  demonstrated  that  the  processes  of  the  charge  carriers  transfer  are  strongly 
effected  by  the  space-charge  region  of  the  heterojunction  formed  by  the  surface  electron 
states  at  the  interface.  The  numerical  analysis  of  the  experimental  I-F-measurements 
(where  I  stands  for  the  current  flowing  through  the  hetcrojunction  and  F  denotes  the 
external  electric  field)  showed  that  the  1-F-function  can  be  expressed  according  to  the 
model  developed  in  [3]: 


i  =  Y 


(1) 


where  K,un  is  the  transparency  coefficient  of  the  potential  barrier  formed  at  the  interface  of 
the  heterostructure  depending  on  the  energy  spectrum  of  the  surface  electron  states  [2],  £  is 
the  dielectric  constant],  A^i  is  an  electrical  area  of  the  investigated  sample,  L  takes  care  of 
the  sample  thickness,  W  stands  for  the  width  of  the  space-charge  region  determining  from 
the  capacitance-voltage  measurements  [2]  and  v,at  is  a  complex  function  strongly 
influenced  by  the  parameters  of  the  contacting  materials.  Such  a  field  dependence 
indicates  on  the  inhomogeneous  (quantum  wells  continuum,  QW-continuum)  structure  of 
the  potential  barrier  which  determines  not  only  the  electric  characteristics  of  the 
heterostructure  but  also  the  emission  properties  of  the  grown  samples. 
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Electro-  and  ohotoluminescent  studies. 

Photoluminescence  (PL)  of  the  investigated  structures  was  excited  by  the  light 
source  of  the  wavelength  X  centered  around  290  nm.  Electroluminescence  (EL)  was 
excited  by  the  electrostatic  field,  F  =  (0.9  - 1.8)10®  V/m.  Both  PL  and  EL  spectra  were 
registered  at  T  =  77  K  in  the  wavelength  range  from  0.48  up  to  0.8  |Xm.  As  it  is  shown, 
both  PL  and  EL  spectra  are  appeared  as  the  wide  Gaussian-like  bands  in  the  wavelength 
range  0.53-0.80  pm  describing  by  the  expression  [5] 

Khw)  ~0}(hC0-A)'"expi(.h0,-&)/kJl  (2) 

where  A  stands  for  the  value  of  the  integrated  potential  barrier  consisting  of  the  QW- 
continuum,  (0  is  frequency  of  the  excited  light  source. 

The  energy  positions  of  the  emitted  radiation  maximums  are  estimated  to  be  about 
1.97-2.00  eV;  These  results  show  that  the  emission  processes  are  take  place  in  the 
subsurface  region  of  the  wide-gap  material,  such  a  value  corresponds  neither  lead  sulfide 
nor  zinc  selenide  energy  parameters  as  well  as  the  energy  levels  of  the  known  and 
uncontrolled  impurities.  The  previous  studies  [1]  were  shown  the  formation  of  the  quasi- 
2D  electron  system  at  the  interface  of  the  examined  heterostructures.  The  experimental 
results  obtained  under  the  electro-  and  photoluminescent  measurements  had  allowed  to 
conclude  that  the  investigated  structure  presents  a  multi-QW  continuum  localized  at  the 
interface. 

The  experimental  results  are  plotted  in  Fig.  2. 
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Fig.  2.  Photoluminescence  (a)  and  electroluminescence  spectra  of  the 
investigated  n-PbSIn-ZnSe  hetero structure.  T  =77  K. 


DISCUSSION 

As  it  was  mentioned  above,  the  investigated  isotype  n-n-heterostructure  PbS/ZnSe  is 
appeared  as  a  heterojunction  with  QW-continuum  at  the  interface.  The  experimental  data 
obtained  from  the  luminescent  studies  showed  that  the  non-equilibrium  charge  carriers 
were  excited  in  the  subsurface  region  of  the  wide-gap  substrate  adjacent  to  the  space- 
charge  region  of  the  structure,  then  the  carriers  were  confined  in  the  QW-continuum  and 
have  relaxed  energetically  with  radiative  recombination.  In  the  other  words,  this  so-called 
“graded  barrier”  [6]  acted  as  a  suppressor  of  the  carrier  trapping  at  low  temperatures, 
leading  to  an  improved  excitation  transfer  from  the  barriers  to  quantum  wells  (Fig.  3). 
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Fig.  3. Energy  hand  diagram  of  the  examined 
heterostriicture  constructed  according  to 
[4](non-scaled,  the  main  parameters  are  listed 
in  Table  I ) 

AE,  and  AEy  are  the  conduction  hand  and 
valence  hand  discontinuities  (the  method  oj 

calculation  is  reported  in  [2]),  are 

energy  positions  of  the  electron  and  hole  levels 
in  quantum  well,  respectively,  a  is  the  quantum 

well  widrl,  (^  =  (s(^kBT/e^NDf>’ 
other  notes  are  explained  in  the  text. 


The  barrier  value  6  was  calculated  according  to  the  measurements  performed 
previously  [1]  and  using  the  Schottky  approximation  for  the  depiction  layers  surrounding 
the  quantum  well,  we  have  [4] 

(^eoCNo^y'  =ns+^ns-^Ps-  O) 


where  No  is  donor  concentration  in  the  wide-gap  material,  6  is  the  potential  barrier,  is 

the  surface  concentration  of  the  equilibrium  electrons,  Ans  stands  for  the  concentration  of 
the  non-equilibrium  electrons  and  Aps  takes  care  for  the  concentration  of  the  non¬ 


equilibrium  holes. 

Under  equilibrium  conditions  Ans  =  Aps  =  0  and 

I  kj 


(4) 


Here  ^  is  the  Fermi  level  position  in  the  wide-gap  substrate,  AEc  is  conduction  band 
discontinuity  (calculated  according  to  the  Harrison  model  in  [2]),  m,  is  the  electron 

effective  mass  in  ZnSe,  £J,  is  energy  of  electron  level  in  the  quantum  well.  The  solution 


of  the  equations  (3)  and  (4)  makes  it  possible  to  calculate  the  equilibrium  values  of  jq'. 
and  6.  Results  of  the  calculation  are  plotted  in  Figs.  3,  4. 
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heterostructure  vj.  donors  concentration  in 
ZnSe  substrate.. 

As  it  is  shown  in  Fig.4,  the  value  of  the  barrier  5  decreases  as  the  donor 
concentration  in  the  substrate  increases,  and  the  life-time  of  the  non-equilibrium  carriers 
has  to  become  greater  [4],  At  the  same  time,  the  intensity  of  the  luminescence  spectra  in 
long-wave  interval  is  comparable  with  the  same  characteristic  in  the  short-wave  region. 

Thus,  the  presence  of  the  potential  barrier  6  increases  the  effective  width  of  the  quantum 
well  for  the  non-equilibrium  carriers  under  the  low  level  of  excitation. 

CONCLUSIONS 

Isotype  n-n-heterostructures  based  on  thin  lead  sulfide  films  and  zinc  selenide 
demonstrated  good  emission  characteristics  under  77  K  strongly  depending  on  the 
properties  of  the  space  charge  region.  The  results  of  luminescent  (PL  and  EL)  experiments 
have  been  shown  the  formation  of  quantum-inhomogeneous  barrier  at  the  interface  of  the 
examined  n-PbS/n-ZnSe  heterostructure  and  the  technological  possibility  of  monitoring 
the  carriers  confinement  and  ejection  in  the  region  of  QW-continuum  by  means  of  proper 
doping  of  the  substrate  material. 
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ABSTRACT 

Dilute  nitrogen  GaInNAs  is  a  new  promising  material  as  an  active  region  for  use  in  1.3 
and  1.55  pm  opto-electronic  devices.  It  has  been  commonly  observed  that  increasing  the 
nitrogen  content  generally  reduces  the  optical  emission  intensity  and  increases  laser  threshold. 
However,  some  non-radiative  recombination  defects  are  removed  from  the  material  during  a 
post- growth  anneal.  One  drawback  to  the  anneal  is  that  nitrogen  out- diffuses  from  the  quantum 
wells  and  blue -shifts  optical  emission.  Using  a  modified  active  region  structure,  we  have 
decreased  nitrogen  out- diffusion  and  reduced  the  luminescence  blue- shift  while  still  improving 
crystal  quality.  The  growth  consists  of  high  nitrogen  GaNAs  barriers  grown  between  lower 
nitrogen  GaInNAs  quantum  wells.  As  an  added  benefit,  the  nitride  barriers  strain  compensate  for 
the  compression  in  the  high  In  content  GaInNAs  wells.  Furthermore,  in  order  to  improve 
luminescence  at  long  wavelengths,  we  have  added  Sb  to  GaInNAs  and  have  observed  high 
intensity  photoluminescence  (PL)  out  to  1.6  pm.  We  have  grown  and  fabricated  in-plane 
GaInNAs  lasers  that  emit  at  1.3  pm  with  a  current  threshold  density  of  1.2  kA/crr?  and 
GaInNAsSb  lasers  with  emissions  at  1.46  pm  with  a  current  threshold  of  2.8  kA/cn^. 

INTRODUCTION 

There  currently  is  a  high  demand  for  low  cost  1.3-1.55  pm  diode  lasers  that  can  operate 
over  a  significant  temperature  range  (-10  to  85°C)  with  moderate  power  (>10  mW).  There  are 
many  applications  for  light  sources  in  this  wavelength  region  including  telecommunication 
lasers,  modulators  and  amplifiers.  Current  solutions  based  on  InP  have  serious  limitations 
covering  the  entire  1.3-1 .55  pm  wavelength  range  [1].  The  GaInNAs  alloy  grown  on  GaAs  has 
been  predicted  to  extend  over  that  wavelength  range  with  several  material  advantages.  Due  to  a 
large  bandgap  bowing  small  amounts  of  nitrogen  in  GaAs  have  drastic  electronic  effects 
reducing  the  bandgap  greater  than  100  meV  per  atomic  percent  of  nitrogen.  Mixed  with  InGaAs, 
long  wavelength  light  emission  is  possible  nearly  lattice- matched  to  GaAs.  With  a  larger 
conduction  band  offset  than  InP,  GaInNAs  quantum  wells  on  GaAs  are  thought  to  have 
improved  in  thermal  properties.  Furthermore,  being  based  on  GaAs  substrates,  one  can  take 
advantage  of  well-established  processing  techniques  and  a  superior  Distributed  Bragg  Reflector 
(DBR)  mirror  technology.  GaInNAs  has  shown  encouraging  characteristics  at  long  wavelengths, 
including  low  threshold  current  densities,  high  temperature  CW  operation  and  high  To  in  the 
wavelength  range  of  1 . 1  - 1 .3  pm  [2-4]. 

However,  growing  high  quality  GaInNAs  material  beyond  1.3  pm  has  proved 
challenging.  Due  to  the  low  solubility  of  nitrogen  in  GaAs,  nitrogen  content  needs  to  be 
minimized  such  that  phase  segregation  does  not  occur.  High  indium  content  alloys  with  dilute 
nitrogen  are  then  limited  in  thickness  due  to  a  large  lattice  mismatch.  Furthermore,  evidence 


333 


suggests  that  high  indium  GaInNAs  tends  to  phase  segregate,  thereby  drastically  reducing  non- 
radiative  recombination  efficiency.  Two  solutions  exist  to  improve  luminescence  output  in  as- 
grown  high  indium  GaInNAs.  First,  by  growing  tensile  strained  barriers  around  compressively 
strained  quantum  wells,  one  can  strain  compensate  and  increase  the  overall  thickness  of  material 
feasible.  Tensile  GaNAs  barriers  can  be  grown  in  the  active  region  to  allow  for  an  increased 
number  of  strained  quantum  wells  increasing  optical  gain.  Second,  after  thermal  annealing  as- 
grown  material,  photoluminescence  sharply  improves.  However,  thermal  annealing  tends  to 
blue-shift  emission  and  is  less  effective  as  wavelength  increases.  Optical  output  steadily 
decreases  as  wavelength  increases,  thereby  limiting  the  performance  of  long  wavelength 
GaInNAs  devices. 

EXPERIMENTAL  DETAILS 

GaInNAs/GaNAs/GaAs  hetcrostructurcs  were  grown  by  elemental  source  molecular 
beam  epitaxy  (MBE)  on  N+  and  S.l.  (001 )  GaAs  substrates.  Dimeric  arsenic  was  provided  by  a 
thermal  cracker  and  a  radio  frequency  (RF)  plasma  cell  supplied  atomic  nitrogen.  The  plasma 
cell  is  operated  at  250-350  W  with  a  nitrogen  gas  flow  of  0.1 -0.5  seem.  Further  details  have  been 
previously  reported  [5].  Nitrogen  concentration  was  calibrated  using  high-resolution  X-ray 
diffraction  (HRXRD),  electron  probe  microanalysis  (EPMA),  secondary  ion  mass  spectroscopy 
(SIMS),  and  nuclear  reaction  analysis  Rutherford  backscattcr  spectroscopy  (NRA-RBS).  A 
thermal  cracker  supplied  monomeric  antimony  and  the  concentration  was  calibrated  using  X-ray 
photoelectron  spectroscopy  (XPS)  and  RBS.  All  PL  samples  were  excited  with  an  Ar+  ion  laser. 

DISCUSION 

It  is  commonly  observed  that  as-grown  GaInNAs  has  poor  luminescent  properties. 
Fortunately,  with  high  temperature  anneals  of  600-900^,  non- radiative  recombination  sites  are 
removed  and  optical  emission  can  be  vastly  improved.  Annealing  increases  intensity  and 
sharpens  peaks  but  at  the  same  time  blue-shifts  PL.  The  precise  mechanism  for  defect  removal 
on  anneal  is  still  not  well  understood.  To  help  understand  possible  defects  contributing  to  norv 
radiative  recombination,  atomic  changes  during  anneal  can  be  separated  into  two  classifications: 
the  reduction  of  point  defects  and  atomic  rearrangement. 

Point  Defects 


Through  TEM  analysis,  dislocation  density  and  other  two  dimensional  defects  visible  in 
electron  microscopy  are  extremely  low.  However,  with  C-V  analysis,  deep  level  defects  have 
been  found  in  GaNAs  [6,7],  The  origin  of  these  defects  is  unknown  but  likely  causes  include 
point  defects  such  as  trace  contaminants,  interstitials,  vacancies,  and  antisites.  In  this  research, 
we  have  studied  interstitials  and  their  possible  contribution  to  the  luminescent  behavior  of 
GaInNAs  using  nuclear  reaction  analysis  RBS.  In  the  RBS  technique  an  incident  He  beam  is 
accelerated  at  2.275  MeV  toward  a  thin  film  of  GaInNAs  on  GaAs.  A  small  fraction  of  He 
undergoes  a  direct  collision  with  the  atoms  within  a  few  microns  and  backscattcr  elastically.  The 
energy  of  the  detected  He  backscattered  from  the  sample  depends  on  energy  lost  traveling 
through  the  material  and  the  energy  lost  as  a  result  of  the  collision  itself  Nitrogen,  having  such  a 
small  cross-section  with  respect  to  InGaAs,  would  not  be  easily  resolved.  However  at  certain 
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energies,  the  incident  ion  is  absorbed  by  the  nucleus  and  a  variety  of  particles  such  as  protons  are 
emitted.  In  this  analysis,  the  following  nuclear  reaction  took  place: 

+  deuteron  ?  +  proton. 

The  detection  of  the  resulting  proton  spectrum  allows  for  parts  per  million  sensitivity  of  nitrogen 
concentration.  In  order  to  study  interstitial  concentration,  He++  was  channeled  down  the  (100) 
crystal  axis.  In  this  orientation,  substitutional  atoms  have  a  very  low  backscattering  yield  and 
interstitial  atoms  are  highly  visible.  Figure  1  shows  the  NRA-RBS  results  comparing  the 
channeled  versus  random  crystal  orientation.  The  nitrogen  signal,  shown  on  channel  200  is 
reduced  in  channeled  orientations.  Other  peaks  present  close  to  the  nitrogen  are  surface 
contaminants  such  as  carbon  and  oxygen  that  appear  on  both  random  and  channeled  orientations. 


NRA-RBS  Channeling  vs.  Random 


Figure  1.  NRA-RBS  spectrum  of  a  150  nm  GaInNAs  film.  The  arrows  point  to  the  nitrogen 
peak  in  both  channel  and  random  crystal  orientations. 

A  summary  of  RBS  analysis  performed  on  GaNAs,  GaInNAs  and  GaInNAsSb  is  shown 
in  table  I.  In  as-grown  material,  the  interstitial  concentration  is  found  to  be  lower  than  7%. 

After  thermal  anneal  interstitial  concentration  actually  increases.  Possible  explanations  for  this 
include  a  higher  equilibrium  concentration  of  interstitials  at  high  temperatures  that  are  quenched 
when  rapidly  cooled,  or  a  diffusion  of  environmental  nitrogen  present  in  the  annealing  chamber 
into  interstitial  positions.  Due  to  the  low  concentration  of  interstitials  and  their  apparent  increase 
during  anneal,  it  is  unlikely  that  this  type  of  point  defect  removal  is  instrumental  in  the  annealing 
characteristic  of  GaInNAs. 

Vacancies  are  just  one  type  of  point  defect  effecting  luminescence  that  could  be  present 
in  GaInNAs.  More  information  about  other  defects  and  their  origin  is  currently  being  studied 
with  other  techniques  such  as  C-V,  DLTS  and  low  temperature  PL. 
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Table  I.  Total  nitrogen  and  interstitial  nitrogen  content  on  GaNAs,  GalnNAs  and  GaInNAsSb 
before  and  after  anneal. 


%N 

Interstitial 

%N 

GaNAs 

2.4 

5.8 

-  Annealed 

2.0 

8.3 

GalnNAs  (8%In) 

2.4 

3.7 

-  Annealed 

2.4 

4.2 

GaInNAsSb  (8%In  7%Sb) 

3.0 

6.9 

-  Annealed 

3.0 

8.2 

Atomic  Rearrangement 

Another  possible  thermally  activated  mechanism  that  could  affect  luminescent  properties 
in  GalnNAs  is  the  diffusion  of  atoms.  There  arc  four  types  of  diffusion  that  at  this  stage  of 
analysis  seem  likely  candidates.  The  first  is  the  diffusion  of  substitutional  nitrogen  and  the 
removal  from  its  as-grown  location.  This  has  been  obsei*ved  in  XRD  through  a  shift  of  lattice 
constant  in  GaNAs  films.  Also  SIMS  analysis  of  GalnNAs  has  shown  an  attenuated  nitrogen 
signal  after  anneal.  At  first  this  would  seem  the  most  likely  candidate  to  explain  the  increase  in 
the  bandgap  on  anneal,  however  other  research  groups  studying  this  material  have  not  observed 
similar  behavior  under  their  growth  conditions.  Therefore  we  can  conclude  the  events  which 
take  place  during  anneal  are  more  complex  than  just  N  out-difftision  from  quantum  wells. 

The  next  three  diffusion  mechanisms  that  have  been  investigated  are  the  phase  separation 
of  atoms  in  the  GalnNAs  quaternary.  Due  to  unfavorable  thermodynamics  for  solid  solubility, 
under  certain  conditions  diffusion  kinetics  may  allow  phase  transformations  to  take  place.  By 
growing  high  nitrogen  GaNAs  material  under  varied  growth  conditions,  we  have  observed 
nucleation  and  growth  of  a  GaN  rich  phase  and  spinodal  decomposition  of  GaN  and  GaAs.  This 
only  occurs  for  nitrogen  compositions  in  excess  of  5%,  however  the  majority  of  our  material 
contains  a  nitrogen  concentration  le.ss  than  3.5%. 

A  more  likely  decomposition  for  dilute  nitrogen  is  the  segregation  of  In  and  Ga  atoms. 
This  is  a  very  common  defect  in  the  InGaN  system  although  is  not  thought  to  occur  in  nitrogen 
free  InGaAs.  TEM  analysis  of  high  In  GalnNAs  quantum  wells  however  has  found  In 
segregation  along  the  length  of  the  wells.  Figure  2  shows  a  low  temperature  PL  spectrum  of 
GalnNAs  quantum  wells  before  and  after  anneal  taken  at  30K.  Two  distinct  peaks  are  seen 
which  at  higher  temperatures  are  observed  as  a  single  peak.  If  phase  segregation  is  the  cause  of 
these  double  luminescence  peaks  the  diffusion  of  atoms  would  occur  during  growth  and  not 
caused  by  the  high  temperature  anneal.  Cathode  luminescence  (CL)  was  also  performed  at  4K 
on  an  annealed  multiple  GalnNAs  quantum  well  sample  with  emission  at  1.23  pm.  A  very 
spotty  luminescence  was  observed  with  features  on  the  order  of  microns,  shown  in  figure  3.  This 
behavior  is  more  characteristic  of  InGaN  and  not  typically  observed  in  InGaAs.  The  optical  CL 
spectrum  was  very  similar  to  the  one  found  in  low  temperature  PL  in  figure  2. 


3^6 


Low  Temperature  PL  (30K) 


Figure  2.  30K  PL  of  a  3-QW  GaInNAs  sample,  before  and  after  anneal. 


Figure  3. 4K  CL  surface  scan  of  an  annealed  3-QW  GaInNAs  sample  with  peak  emission  at 
1.23|im, 

The  last  type  of  atomic  rearrangement  that  is  likely  to  occur  is  the  redistribution  of  atoms 
in  the  lattice,  modifying  nearest  neighbor  environments  but  without  long-range  phase  separation. 
Two  different  driving  forces  and  resulting  atomic  rearrangements  have  been  theorized.  One  is 
the  minimization  of  local  strain,  or  the  rearrangement  of  nitrogen  toward  indium  atoms  to  relax 
stress  in  the  lattice.  The  second  is  the  diffusion  of  nitrogen  toward  gallium  atoms  that  have 
lower  energy  bonds.  Both  driving  forces  may  play  a  role  in  the  reordering  of  atoms  within  the 
GaInNAs  quaternary.  By  changing  the  overall  bonding  energy  and  strain  in  the  system,  bandgap 
shifts  would  be  likely  and  this  could  explain  the  blue-shift  of  luminescence  on  anneal.  This  type 
of  atomic  rearrangement  is  current  being  investigated. 

Strain  Compensation 

The  concentration  of  nitrogen  in  GaInNAs  is  currently  limited  to  under  4%  with  current 
growth  techniques.  Therefore,  in  order  to  extend  this  material  to  longer  wavelengths,  one  must 
increase  the  amount  of  indium,  compressively  straining  the  material.  While  this  is  known  to  be 
beneficial  for  optical  devices,  the  formation  of  dislocations  will  occur  if  the  critical  thickness  is 
exceeded.  This  limits  the  number  of  quantum  wells  that  can  be  grown  and  would  reduce  the 
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maximum  output  power  of  lasers  and  prevent  its  use  in  some  modulator  structures.  Instead  of 
surrounding  our  quantum  wells  with  GaAs,  we  have  begun  using  tensile-strained  GaNAs 
barriers.  By  offsetting  the  compressive  stress  generated  by  our  strained  quantum  wells,  many 
more  quantum  wells  can  be  grown  with  a  total  thickness  much  larger  than  the  inherent  critical 
thickness  for  dislocations.  Furthermore,  by  surrounding  our  quantum  wells  with  GaNAs,  longer 
wavelength  devices  are  possible.  The  GaNAs  barriers  have  a  larger  concentration  of  nitrogen 
than  the  quantum  wells,  therefore,  out-diffusion  of  nitrogen  from  the  wells  into  the  surrounding 
environment  is  reduced.  Also  the  band  offsets  between  the  barrier  and  well  is  reduced,  thereby 
lowering  the  confinement  energy  further  red-shifting  wavelength  emission.  Overall  confinement 
of  carriers  is  not  reduced  since  GaAs  is  grown  away  from  the  quantum  wells  inhibiting  carrier 
diffusion  at  the  GaNAs-GaAs  interface. 

A  nine  quantum  well  device  of  highly  strained  30%  In,  3.3%  N  GaInNAs  active  material 
and  GaNAs  barriers  has  been  grown  dislocation  free  and  is  shown  in  figure  4.  The  resulting  PL 
spectrum  of  3,  6  and  9  quantum  well  structures  is  also  shown.  When  we  increased  from  3  to  6 
quantum  wells,  luminescence  increased  2.4  times,  and  from  3  to  9  wells,  PL  increased  3.9  times. 
The  total  thickness  of  strained  active  material  for  the  9  quantum  well  sample  was  63  nm,  much 
greater  than  the  critical  thickness.  A  30%  InGaAs  sample  is  known  to  have  a  critical  thickness 
of  under  10  nm.  By  growing  tensile-strained  GaNAs,  a  much  larger  active  medium  can  be 
present  greatly  increasing  optical  gain  in  grown  devices. 


PL  Multiple  QW*s 


Wavelength  (nm) 


Figure  4.  TEM  (left)  of  9  QW  GaInNAs  sample,  and  PL  spectrum  of  3,  6  and  9  QW  GaInNAs 
samples  (right). 


In-plane  laser  diodes  were  grown  and  fabricated  with  32%  In,  2.5%  N  GaInNAs  active 
material,  and  3.5%  N  GaNAs  barriers.  A  ridge  waveguide  stnicturc  was  fabricated  and  tested. 
The  optical  spectrum,  I-V,  and  Lrl  are  shown  in  figure  5.  The  optical  spectrum  was  acquired  at 
1.2  times  the  threshold  current  with  a  1  ms  pulse  period  and  a  0. 1%  duty  cycle.  The  laser  output 
was  at  1.31  pm,  with  a  current  threshold  density  of  1.5  kA/cm^.  A  differential  quantum 
efficiency  of  0.45  W/A  was  measured.  The  laser  diodes  that  were  tested  were  not  anti-reflection 
or  high-reflection  coated.  Laser  operation  was  found  to  occur  as  high  as  90"C. 
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Figure  5.  Optical  spectrum  (left)  and  I-V,  L^I  (right)  of  a  GaInNAs/GaNAs  3-QW  ridge- 
waveguide  in-plane  laser. 

GaInNAsSb 

As  more  nitrogen  and  indium  is  added  into  GaAs,  it  becomes  increasingly  difficult  to 
maintain  a  solid  solution  alloy.  Surface  energy  and  high  surface  diffusivity  plays  an  important 
role  in  the  way  atoms  incorporate  in  the  bulk.  Once  confined  to  the  solid,  bulk  diffusivity  is 
much  lower  than  at  the  surface,  thus  a  solid  solution  can  be  maintained  during  anneal.  A 
surfactant  has  the  ability  to  reduce  surface  energy  and  enhance  soluble  incorporation  at  the 
surface  of  a  growing  material.  Antimony  is  a  well-known  surfactant  aiding  the  incorporation  of 
In  within  GaAs.  A  thermal  cracking  effusion  cell  provides  a  source  of  Sb  during  GaInNAs 
growth.  A  careful  calibration  of  Sb  growth  rate  and  sticking  coefficients  in  GaInNAs  has  not  yet 
been  completed,  so  for  the  following  analysis  only  Sb  flux  has  been  reported. 


Figure  6.  PL  spectrum  of  GaInNAs  and  GaInNAsSb  3-QW  samples,  all  with  2.5%  N.  From  left 
to  right:  1.3  pm,  38%  In,  Int.=l;  1.38  pm,  43%  In,  Int.-0.0008;  1.46  pm,  44%  In,  4.6x10“^  torr 
Sb,  Int.=0.043;  1.48  pm,  45%  In,  7.2x10'^  torr  Sb,  Int.=0.65;  1.58  pm,  46%  In,  1.4x10’’  torr  Sb, 
Int.=0.14. 

Figure  6  plots  five  different  PL  spectrum  two  without  the  use  the  Sb  and  three  with  Sb 
present  for  the  entire  GaInNAs/GaNAs  active  region  growth.  The  leftmost,  highest  intensity 
spectrum  is  a  1.3  pm  38%  In,  2.5%  N,  GaInNAs/GaNAs  3  quantum  well  structure  with  its 
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intensity  normalized  to  unity.  By  increasing  the  In  to  42%,  1.38  |im  is  measured,  however  the 
intensity  is  reduced  over  1000  times.  In  the  next  three  spectra,  increased  Sb  was  added  to 
relatively  the  same  GaInNAs  composition.  The  structure  of  these  PL  samples  was  three 
GaInNAsSb  quantum  wells  surrounded  by  GaNAsSb  barriers.  Wavelength  operation  was 
changed  from  1.46  to  1.58  pm  with  the  highest  efficiency  material  showing  a  wavelength  of  1.48 
pm.  This  material  had  a  PL  intensity  that  was  65%  of  the  highest  intensity  1.3  pm  material 
grown  compared  with  0.08%  for  shorter  wavelength  material  grown  without  antimony. 

Antimony  incorporation  has  been  measured  using  X-ray  photocicetron  spectroscopy  (XPS)  and 
RBS  in  quantities  as  high  as  7%  in  these  materials,  but  careful  calibration  has  not  been 
performed.  The  exact  mechanism  for  improving  luminescence  and  red-shifting  output  is 
currently  unknown.  Antimony  seems  to  be  acting  as  both  a  surfactant  and  a  significant  alloy 
constituent  improving  optical  emission  and  enabling  wavelength  operation  as  long  as  1.6  pm. 
Table  I  indicates  a  difference  in  N  composition  with  the  presence  of  Sb.  Both  the  increase  of 
nitrogen  content  and  the  presence  of  antimony  can  be  responsible  for  the  longer  wavelength  PL 
shift. 

Laser  devices  were  also  grown  and  fabricated  with  44%  In,  2.5%  N  GaInNAsSb  quantum 
wells  and  GaNAsSb  barriers.  A  flux  of  6.89x10'*^  torr  of  Sb  was  used  during  barrier  and  well 
growth.  This  flux  has  been  measured  to  incorporate  about  7%  Sb  into  GaInNAs.  The  optical 
spectrum  and  H  plot  is  shown  in  figure  7.  A  peak  wavelength  of  1.464  pm  was  taken  at  1.2 
times  threshold.  A  threshold  current  density  of  2.8  kA/cm^  was  measured  for  the  devices  with  a 
width  of  5  pm  and  length  of  a  1.3  mm.  The  measurements  were  taken  with  a  pulsed  current 
source  at  room  temperature. 


optical  Spectrum  L-1 


Figure  7.  Optical  Spectrum  (left)  and  L-I  (right)  of  a  GaInNAsSb/GaNAsSb  3-QW  ridge- 
waveguide  device. 

CONCLUSIONS 

As-grown  GaInNAs  typically  has  poor  optical  properties  due  to  defects  incorporated 
during  growth.  Thermal  anneal  removes  these  defects  but  blue-shifts  optical  emission.  This 
paper  discusses  likely  defects  responsible  for  this  behavior.  A  new  barrier  structure  made  of 
tensile-strained  GaNAs  has  been  grown.  These  barriers  increase  wavelength  and  strain 
compensate  compressive  quantum  wells.  With  these  barriers,  increased  quantum  well  high- 
power  lasers  and  modulators  are  now  possible.  A  new  material,  GaInNAsSb,  is  also  presented. 
Antimony  acts  as  both  a  surfactant  improving  luminescence  at  long  wavelengths  and  an  alloy 
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constituent,  further  red  shifting  emission.  High  efficiency  PL,  as  long  as  1 .6  |xm,  has  been 
demonstrated.  Finally,  two  laser  structures  GaInNAs/GaNAs  and  GaInNAsSb/GaNAsSb  are 
shown.  With  low  thresholds  and  high  output  powers,  it  further  substantiates  this  material 
system’s  potential  as  a  replacement  for  1.3-1.55  pm  opto- electronic  devices. 
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ABSTRACT 

We  report  measurements  of  both  the  diamagnetic  shifts  and  the  linewidths  of  excitonic  transi¬ 
tions  in  Al^Caj.^As  alloys  as  a  function  of  A1  concentration  and  magnetic  field  at  1.4  K  using 
photoluminescence  spectroscopy.  The  magnetic  field  was  varied  from  0  to  13  tesla  and  A1  compo¬ 
sition  in  our  samples  ranged  from  0  to  30%.  The  samples  were  grown  on  GaAs  substrates  oriented 
along  [001]  direction  using  molecular  beam  epitaxy  at  590"C.  We  find  that  for  a  given  value  of 
alloy  composition,  both  the  diamagnetic  shift  and  excitonic  linewidth  increase  as  a  function  of 
magnetic  field.  To  explain  our  experimental  data  we  propose  that  the  excitons  are  localized  in  a 
very  specific  manner.  To  simulate  this  localization,  we  assume  that  the  exciton  reduced  mass  is 
effectively  increased  and  is  obtained  by  using  the  alloy  dependent  heavy -hole  mass  along  (001) 
direction  treated  isotropically.  The  calculated  values  of  the  variations  of  the  diamagnetic  shift  and 
excitonic  linewidth  as  a  function  of  magnetic  field  obtained  using  this  model  agree  very  well  with 
those  reported  here. 

INTRODUCTION 

One  of  the  most  commonly  used  optical  characterization  techniques  to  assess  the  quality  of  a 
semiconductor  alloy  is  the  low-temperature  photoluminescence  (PL)  spectroscopy.  At  liquid 
helium  temperatures,  the  linewidth  of  an  excitonic  transition  defined  as  the  full-width-at-half- 
maximum  (a)  in  semiconductor  alloys  as  determined  by  PL  spectroscopy  is  considerably  larger 
than  those  observed  in  their  components.  This  broadening  has  been  attributed  to  the  composi¬ 
tional  disorder  [1-8]  which  is  inevitably  present  in  these  systems.  In  addition,  the  value  of  s  can  be 
controlled  by  the  application  of  an  external  magnetic  field  as  was  first  pointed  out  independently 
by  Raikh  and  Efros  [8],  and  Singh  and  Bajaj  [2].  This  is  due  to  the  fact  that  the  application  of  a 
magnetic  field  shrinks  the  excitonic  wave  function  and  thus  enhances  the  value  of  a.  This  effect 
was  first  observed  by  Jones  et  al  [9]  in  InGaP  lattice  matched  to  GaAs. 

During  the  past  twenty  years  several  groups[10]  have  studied  the  variation  of  0  as  a  function 
of  alloy  composition  in  AlGaAs.  In  this  paper  we  present  an  observation  of  the  variations  of  the 
diamagnetic  shift  of  the  excitonic  transition  (5)  and  0  as  a  function  of  magnetic  field  in  AlGaAs  at 
1 .4  K  using  PL  spectroscopy.  The  Al  composition  x  ranged  from  0  to  0.30  and  the  magnetic  field 
was  varied  from  0  to  13  tesla.  We  find  that  for  a  given  value  of  alloy  composition,  both  5  and  0 
increase  as  a  function  of  magnetic  field.  The  observed  variations  of  6  and  0  with  magnetic  field 
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are  considerably  smaller  than  those  calculated  by  Lee  and  Bajaj[6]  using  a  free  exciton  model.  To 
explain  our  experimental  data  we  propose  that  the  excitons  arc  localized  in  a  very  specific  manner. 
In  order  to  simulate  this  localization,  we  assume  that  the  reduced  mass  of  the  exciton  is  effectively 
increased.  In  addition,  we  postulate  that  the  conduction-band  mass  is  unchanged,  thereby  requir¬ 
ing  the  use  of  a  larger  value  for  the  valence-band  mass.  We  find  that  the  value  of  the  heavy-hole 
mass  along  the  [001]  direction,  when  used  to  obtain  the  reduced  mass,  leads  to  the  values  of  6  for 
all  samples  that  agree  very  well  with  the  calculated  values.  Furthermore,  the  observed  variation  of 
a  with  magnetic  field  is  in  very  good  agreement  with  that  calculated  using  this  larger  reduced 
mass. 

EXPERIMENTAL 

All  of  the  AlGaAs  samples  reported  here  were  grown  on  (001)  oriented  undoped  GaAs  sub¬ 
strates  by  molecular  beam  epitaxy  at  590“C.  A  Structure  consisting  of  a  smoothening  300-nm-thick 
epilayer  of  GaAs  grown  on  top  of  the  GaAs  substrate  followed  by  a  double  heterostructure  of 
undoped  Ai^+o  )  Ga  |  .^.o.  ]  As/ Al^Ga  |  .^ As  with  50~nm-thick  barriers  and  a  50-nm-thick  Al^Ga  j  .y As 
alloy  was  studied  here.  In  this  manner,  the  AlJ^+()  joGai.^.o  i^As  barriers  prevented  carriers  and 
excitons  from  diffusing  to  GaAs.  A  10-nm-thick  undoped  cap-layer  of  GaAs  was  grown  on  top  of 
the  AlGaAs  double  heterostructure  to  prevent  oxidation.  The  compositions  were  verified  by  com¬ 
paring  the  lattice  constants  of  the  samples  obtained  from  double  x-ray  scattering,  with  the  well 
known  composition  dependence  of  the  bandgap  energy  for  these  alloys  [11].  The  PL  measure¬ 
ments  were  made  at  1.4  K  using  the  514.5-nm  line  from  an  argon-ion  laser.  Laser  power  densities 
ranged  from  0.1  pW/cm  to  100  mW/cm^.  The  PL  lineshape  and  linewidth  were  found  to  be  inde¬ 
pendent  of  excitation  intensity  for  these  low  power  densities. 


Figure  1.  Photoluminescence  spectrum  of  Alo.2oGa()  gpAs  at  1.4  K  for  different  values  of  the  mag¬ 
netic  field  B.  The  leftmost  spectrum  is  the  zero-field  case,  the  center  spectrum  is  for  B  =  9  tesla, 
and  the  rightmost  spectrum  is  for  B  =  13  tesla. 
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RESULTS  AND  DISCUSSION 


In  Fig.  1  we  display  typical  PL  spectra  for  Alo.2Gao.8As  at  1.4  K  for  three  different  values  of 
the  magnetic  field,  namely  0,  9,  and  13  tesla.  The  position  of  the  zero-field  excitonic  transition  is 
at  1802.3  meV.  As  clearly  seen  in  Fig.  1,  with  increasing  magnetic  field,  this  transition  broadens 
and  shifts  to  higher  energies.  Data  similar  to  those  shown  in  Fig.  1  are  obtained  in  all  other  sam¬ 
ples  reported  here. 

A  number  of  groups  have  reported  calculations  of  o  as  a  function  of  alloy  composition  in 
completely  disordered  semiconductor  alloys  both  in  the  absence  [1-6]  and  in  the  presence  of  mag¬ 
netic  field  [7-8,  12].  A  brief  review  of  these  calculations  has  been  presented  in  Refs.  6  and  7.  All 
these  calculations  are  based  on  the  premise  that  excitons  created  in  different  regions  of  the  semi¬ 
conductor  alloy  experience  slightly  different  values  of  the  local  conduction  and  valence-band 
edges,  assuming  virtual  crystal  approximation.  This  leads  to  different  values  of  the  emission  ener¬ 
gies  from  the  different  regions  of  the  alloy  thus  resulting  in  an  inhomogeneously  broadened  tran¬ 
sition. 

We  have  calculated  the  variation  of  5  as  a  function  of  magnetic  field  using  the  formalism  of 
Lee  and  Bajaj  [6]  using  a  variational  wave  function  proposed  by  Fedders  [13].  We  have  consid¬ 
ered  two  cases.  In  the  first  we  assume  that  the  radiative  transitions  in  Al^Gai.xAs  result  from  free 
excitons  and  in  the  second  from  localized  excitons.  To  simulate  the  behavior  of  radiative  transi¬ 
tions  due  to  localized  excitons  we  assume  the  exciton  reduced  mass  is  effectively  enhanced.  We 
further  postulate  that  there  is  no  change  in  the  electron  mass  and  only  the  hole  mass  is  increased. 
It  turns  out,  surprisingly,  that  the  value  of  the  heavy  hole  mass  along  the  direction  of  the  magnetic 
field,  i.e.,  (001),  when  treated  isotropically  to  obtain  the  exciton  reduced  mass  yields  values  of  the 
variation  of  5  and  o  with  magnetic  field  which  agree  very  well  with  those  determined  experimen¬ 
tally  as  is  discussed  in  the  following. 

In  Figs.  (2a-c)  and  (3a-c)  we  show  the  comparisons  between  the  results  of  our  measurements 
(squares)  and  those  of  our  calculations  (lines)  for  diamagnetic  shift  5  and  a,  respectively,  as  a 
function  of  magnetic  field  in  Al^Caj.^As  alloys  for  x  =  0.1 1,  x  =  0.20  and  x  =  0.30.  Similar  behav¬ 
ior  is  observed  in  all  other  samples.  The  values  of  the  various  physical  parameters  for  the  AlGaAs 
alloy  system  used  in  our  calculations  are  obtained  by  linear  interpolations  between  those  of  GaAs 
and  AlAs  [6].  In  Figs  (2a-c)  we  find  that  the  variations  of  6  as  a  function  of  the  magnetic  field, 
reported  here,  agree  very  well  with  those  calculated  using  the  above  mentioned  localized  exciton 
model.  The  calculated  values  using  the  free  exciton  model  are  considerably  larger. 

It  is  clear  from  Figs.  (3a-c)  that  the  observed  values  of  c  are  always  larger  than  the  calculated 
ones.  This  is  due  to  the  fact  that  in  our  calculations  we  consider  only  the  broadening  effect  due  to 
alloy  disorder. 

We  have  also  measured  the  diamagnetic  shift  in  different  crystallographic  directions  and 
found  no  change  in  its  value,  thus  suggesting  that  the  localized  excitons  have  spherical  symmetry. 
The  nature  of  the  localization  phenomenon  is  not  understood  at  this  time.  Currently,  experimental 
work  is  in  progress  to  gain  further  insight  into  this  phenomenon. 

CONCLUSION 

In  summary,  we  have  measured  both  the  diamagnetic  shifts  and  the  linewidths  of  excitonic 
transitions  in  a  series  of  Al^Caj.^As  alloys  as  a  function  of  A1  concentration  and  magnetic  field  at 
1.4  K  using  photoluminescence  spectroscopy.  The  magnetic  field  was  varied  from  0  to  13  tesla 
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MAGNETIC  FIELD  (tesla) 

Figure  2.  Variation  of  the  diamagnetic  shift  of  the  excitonic  transitions  in  Al^Gaj.^As  as  a 
function  of  magnetic  field  for  three  different  AI  concentrations:  (a)  x  =  1 1%,  (b)  =  20%, 
and  (c)  =  30%.  Dashed  curves:  calculated  using  the  free  exciton  model;  solid  curves:  cal¬ 
culated  using  the  excitonic  reduced  mass  obtained  using  heavy-hole  mass  along  (001) 
direction.  Symbols  represent  experimental  data. 
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Figure  3.  Variation  of  the  excitonic  linewidth  (a)  in  Al^Ga^.^As  as  a  function  of  magnetic 
field  for  three  different  A1  concentrations:  (a)  x  =  1 1%,  (b)  =  20%,  and  (c)  =  30%.  Dashed 
curves:  calculated  using  the  free  exciton  model;  solid  curves:  calculated  using  the  exci¬ 
tonic  reduced  mass  obtained  using  heavy-hole  mass  along  (001)  direction.  Symbols  repre¬ 
sent  experimental  data. 
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and  A1  composition  ranged  from  0  to  30%.We  find  that  for  a  given  value  of  alloy  composition, 
both  the  diamagnetic  shift  and  excitonic  linewidth  increase  as  a  function  of  magnetic  field.  To 
explain  our  experimental  data  we  propose  that  the  excitons  are  localized  in  a  very  specific  manner. 
To  simulate  this  localization,  we  assume  that  the  exciton  reduced  mass  is  increased  and  is 
obtained  by  using  the  heavy-hole  ma.ss  along  (001)  direction.  The  calculated  values  of  the  varia¬ 
tions  of  the  diamagnetic  shift  and  excitonic  linewidth  as  a  function  of  magnetic  field  obtained 
using  this  model  agree  very  well  with  those  reported  here. References 
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ABSTRACT 

A  novel  ultrabroadband  AlGaAs/CaF2  semiconductor  saturable  absorber  mirror  (SESAM) 
covering  nearly  the  entire  Ti:  sapphire  gain  spectrum  is  demonstrated.  This  device  supports  sub- 
10-fs  pulse  operation  of  a  laser.  In  contrast  to  previous  SESAMs  of  comparable  bandwidth,  our 
device  can  be  monolithically  grown  by  molecular  beam  epitaxy  and  requires  no  post-growth 
processing.  GaAs  is  used  as  semiconductor  saturable  absorber  material.  The  high  defect 
concentration  of  the  material  is  due  to  the  lattice-mismatched  growth  on  a  fluoride  surface  with 
(111)  orientation.  With  a  time  response  of  1.2  ps  for  carrier  trapping,  a  saturation  fluence  of  36 
pJ/cm^  and  a  modulation  depth  of  up  to  2.2%  ,  the  GaAs  saturable  absorber  is  well- suited  for  all- 
optical  switching  in  SESAM  devices  used  for  ultrashort  pulse  generation. 

INTRODUCTION 

Devices  based  on  semiconductor  materials  have  been  found  many  applications  in  ultrafast 
all-optical  switching,  in  femto-  and  picosecond  laser  pulse  generation,  and  in  optoelectronics  [1]. 
For  example,  semiconductor  saturable  absorber  layers  were  introduced  in  optical  devices  to 
explore  their  nonlinear  optical  property  of  an  intensity  depending  absorption  for  all-optical 
switching  [2].  A  semiconductor  saturable  absorber  mirror  (SESAM)  basically  consists  of  a  high 
reflection  mirror  with  a  reflectivity  of  at  least  95%,  and  a  saturable  absorber  material,  SESAMs 
rely  on  the  operation  of  the  absorber  layer  as  an  all-optical  switch  that  is  based  on  changes  of 
reflectivity  due  to  absorption  bleaching  induced  by  a  strong  laser  pulse  allowing  for  the  self¬ 
starting  of  a  laser. 

Conventional  SESAMs  have  been  successfully  fabricated  by  molecular  beam  epitaxy 
(MBE)  using  AlGaAs/AlAs  multilayer  stacks  and  GaAs  saturable  absorber.  Laser  pulses  as  short 
as  34  fs  were  generated  with  Ti:sapphire  lasers  using  an  AlGaAs/AlAs  Bragg  mirror  with  an 
imbedded  single  GaAs  quantum- well  layer  [3],  However,  these  conventional  SESAMs  suffer 
from  a  narrow  bandwidth  caused  by  a  small  difference  in  the  refractive  indices  of  ALAs  and 
GaAs.  Shorter  pulses  were  obtained  by  replacing  the  AlGaAs/AlAs  Bragg  mirror  by  a  silver 
mirror  in  order  to  increase  the  high  reflection  bandwidth.  This  kind  of  a  low-finesse  AFPS  A 
device,  where  the  top  reflector  is  formed  by  the  interface  semiconductor/air,  supported  sub-6-fs 
pulses  [4].  These  pulses  are  some  of  the  shortest  ever  generated.  However,  the  semiconductor 
saturable  absorber  cannot  be  directly  grown  on  top  of  a  silver  mirror  by  epitaxy.  Post-growth 
processing  has  to  be  applied,  which  complicates  the  fabrication  process  and  may  cause  additional 
nonsaturable  losses.  Moreover,  the  silver  bottom  mirror  only  provides  a  reflectivity  of  less  than 
97%,  Therefore,  methods  are  continuously  in  development  to  avoid  post-growth  processing  and 
to  enable  the  monolithic  growth  of  ultrabroadband  SESAM  devices. 

With  the  demand  for  a  larger  wavelength  tuning  range  of  monolithically  grown  devices, 
semiconductor  materials  have  to  be  combined  with  other  materials  like  fluorides  or  oxides  to 
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increase  the  refractive  index  difference  of  the  Bragg  mirror  pair  [5].  In  this  paper,  we 
demonstrate  a  monolithic  ultrabroadband  SESAM  consisting  of  a  two  pair  AlGaAs/CaFz  Bragg 
mirror  and  a  GaAs  saturable  absorber  layer  covering  nearly  the  entire  gain  spectrum  of  a 
Tiisapphire  laser.  The  SESAM  successfully  started  and  supported  mode-locking  in  a  Ti:sapphire 
laser.  This  device  was  used  for  to  generate  laser  pulses  in  the  sub- 10  fs  range. 

EXPERIMENTAL  DETAILS 

AlGaAs/CaF2  SESAMs  were  grown  by  solid  source  molecular  beam  epitaxy  (MBE)  on 
GaAs  (1 1 1)B  oriented  substrates.  CaF2  growth  was  carried  out  at  a  substrate  temperature  of 
600°C  and  a  growth  rate  of  0.2  pm/h.  AlGaAs  layers  with  77%  aluminum  concentration  were 
grown  with  0.7  pm/h  at  600°C.  Growth  was  interrupted  to  anneal  the  surface  under  Ast  flux 
several  limes.  The  CaF^  surface  was  exposed  to  a  high  energy  electron  beam  of  20  keV  at 
grazing  incidence  before  the  GaAs  absorber  overgrowth.  A  Varian  Cary  5E  spectrophotometer 
was  used  to  measure  the  spectral  reflectivity.  The  absorber  layer  was  .studied  by  saturation 
fluence  and  pump-probe  measurements.  All  measurements  were  carried  out  at  room  temperature 
using  an  80  MHz,  150  fs  pulse  train  from  a  Tiisapphire  laser  centered  at  830  nm.  A  SESAM 
assisted  Kerr-lens  mode-locked  Tiisapphire  laser  described  in  Ref.  [4]  was  operated  by  an 
AlGaAs/CaF2  SESAM  with  GaAs  saturable  absorber  layer. 

DISCUSSION 

The  growth  of  AlGaAs  and  fluorides  in  multilayer  stacks  is  governed  by  the  lattice 
mismatch,  by  their  thermal  expansion  properties  and  by  the  difference  in  their  surface  chemistry. 
The  lattice  mismatch  is  about  3.5%  at  room  temperature  but  decreases  to  about  2.5%  at  growth 
temperature.  In  addition,  the  linear  thermal  expansion  coefficient  is  three  times  higher  for  CaF2 
(19.2x10  K  )  than  for  GaAs  (6.4xlO'^K  ').  Therefore,  large  thermal  strain  is  introduced  to  the 
layers  during  cooling  down  or  temperature  cycling.  Severe  crack  formation  to  relax  the  thermal 
strain  in  (lOO)-oriented  multilayer  .stacks  is  a  con.scquencc,  which  degrades  the  performance  of  a 
optical  device.  An  alternative  was  a  change  in  the  growth  orientation  from  (100)  to  (1 1 1)  [6]. 

The  (111)  orientation  is  the  preferred  growth  orientation  of  the  fluorides.  In  addition,  the 
mechanism  of  dislocation  gliding  allows  for  the  relaxation  of  the  strained  layer  [7].  The 
drawback  in  changing  the  growth  direction  is  that  GaAs  has  only  a  small  growth  window  for  the 
(1 1  l)-oriented  growth.  Furthermore,  the  layer  quality  is  very  sensitive  to  A,s/Ga  ratio,  which  is 
much  lower  than  that  used  for  standard  (100)  GaAs  growth.  GaAs  nucleates  on  CaF2  by  the 
formation  of  islands  due  to  the  low  surface  free  energy  of  CaF2 18].  However,  defects  introduced 
to  the  absorber  material  by  the  growth  mode  offer  a  high  density  of  defect  states  for  carrier 
trapping.  Therefore,  GaAs  grown  on  fluoride  can  be  applied  as  .saturable  absorber  material  in 
optical  devices  for  ultrashort  pulse  generation 

For  the  fabrication  of  an  ultrabroadband  SESAM,  the  AlGaAs/CaFi  Bragg  mirror  and  the 
GaAs  saturable  absorber  needed  to  be  combined  in  one  device.  Therefore,  a  two  pair  Bragg 
mirror  consisting  of  140  nm  CaF2  and  70  nm  Al().77Ga<).23As  with  a  170  nm  CaF2  spacer  layer  and 
a  40  nm  GaAs  saturable  absorber  layer  on  top  was  grown.  This  SESAM  has  a  bandwidth  of  more 
than  300  nm  for  the  nonsalurated  reflectivity  as  shown  in  figure  1.  The  measured  high  reflection 
bandwidth  is  about  five  times  larger  than  that  of  conventional  AlGaAs/AlAs  SESAMs. 
Furthermore,  the  number  of  mirror  pairs  is  greatly  decreased  from  more  than  25  for 


AlGaAs/AlAs  to  only  two  AlGaAs/CaF2  pairs.  The  AlGaAs/CaF2  SESAM  provides  a  linear 
reflectivity  of  97%  due  to  the  large  difference  in  the  refractive  indices  of  the  materials  forming 
the  mirror.  The  GaAs  saturable  absorber  layer  showed  a  higher  absorption  for  the  nonsaturated 
reflectivity  than  calculated,  which  indicates  that  the  high  defect  concentration  in  the  GaAs 
increased  the  absorption  coefficient  of  the  material. 


Wavelength,  nm 

Figurel.  Reflectivity  spectrum  of  a  AlGaAs/CaF2  SESAM  with  GaAs  saturable  absorber  layer. 

The  saturable  absorber  is  described  in  terms  of  the  modulation  depth  AR,  the  nonsaturable 
losses  ARns,  the  saturation  fluence  F.sat,  and  the  impulse  response  or  recovery  time  Ta  [9].  The 
modulation  depth  is  the  maximum  amount  of  saturable  losses,  which  can  be  bleached. 
Nonsaturable  losses  ARns  are  residual  losses,  which  cannot  be  bleached.  They  are  caused  by 
scattering  on  interfaces  or  surfaces,  additional  absorption  from  defect  states  or  reflectivity  losses 
from  the  bottom  mirror.  The  saturation  fluence  describes  the  light  intensity,  which  is  necessary  to 
bleach  the  saturable  losses.  The  recovery  time  is  a  measure  for  the  carrier  relaxation  processes. 
The  approximately  bitemporal  recovery  time  has  two  components  attributed  to  carrier 
thermal ization  and  trapping/recombination.  Epitaxially  grown  saturable  absorber  materials  have 
typically  slow  recovery  times  on  the  order  of  nanoseconds  due  to  the  low  defect  concentrations 
in  the  layers.  Therefore,  defects  have  to  be  introduced  to  the  material  to  provide  additional  defect 
states  for  faster  carrier  trapping.  Methods  to  obtain  fast  saturable  absorber  materials  are  low- 
temperature  (LT)  growth  by  molecular  beam  epitaxy  and  ion  implantation  [10].  However,  GaAs 
epitaxially  grown  on  CaF2  already  provides  high  defect  concentration  at  typical  growth 
temperatures  due  to  lattice-mismatched  growth.  Pump-probe  experiments  were  carried  out  to 
study  the  impulse  response.  A  biexponential  recovery  time  of  about  150  fs  (thermal ization)  and 
1.2  ps  (carrier  trapping/recombination)  was  measured  as  demonstrated  in  figure  2.  This  fast  time 
response  of  the  GaAs  saturable  absorber  is  excellent  for  the  application  as  an  all-optical  switch  in 
ultrashort  pulse  generation. 

In  general,  a  high  defect  concentration  does  not  only  contribute  to  the  fast  carrier  trapping 
but  can  also  cause  additional  absorption.  Measurements  of  the  saturation  fluence  and  modulation 
depth  reveal  additional  nonsaturable  losses.  A  saturation  fluence  Fsat  of  36  pJ/cm^  was  measured 
for  the  AlGaAs/CaF2  SESAM  device,  which  can  be  compared  with  that  of  standard 
AlGaAs/AlAs  SESAMs.  A  modulation  depth  of  2.2%  and  nonsaturable  losses  of  2.7%  are 
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obtained.  These  losses  can  be  mostly  attributed  to  the  designed  bottom  mirror  since  it  consists  of 
only  two  pairs. 


0  2  4  6 

Time  Delay,  ps 

Figure  2,  Nonlinear  optical  response  and  absorption  modulation  of  the  AlGaAs/CaF2  SESAM 
measured  in  a  pump-probe  experiment  (solid  line  -  fit). 

For  short  pulse  generation,  the  SESAM  was  inserted  in  the  cavity  of  a  Ti:sapphire  laser.  The 
AlGaAs/CaF2  SESAM  successfully  started  and  supported  mode-locking  in  the  laser.  A  pulse 
spectrum  shown  in  figure  3  with  a  transform  limit  of  8.2  fs  and  pulses  with  a  duration  of  9.5  fs 
were  measured.  For  the  first  time,  the  generation  of  ultrashort  pulses  below  10  fs  with  a 
AlGaAs/CaF2  SESAM  is  proved.  Due  to  the  large  high  reflection  bandwidth  of  more  than  3(X) 
nm  and  the  fast  response  time  of  the  GaAs  absorber,  a  broad  pulse  spectrum  supporting  sub-6-fs 
was  measured  with  a  different  setup.  That  result  shows  the  potential  of  AlGaAs/CaF2  SESAM 
device  for  sub-6-fs  pulse  generation. 


•40  0  40  80 

Time  (fs) 

Figure  3.  Sub-lO-fs  pulse  generated  by  Ti:sapphire  laser  using  an  AlGaA.s/CaF2  SESAM. 
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CONCLUSIONS 


We  have  shown  that  an  ultrabroadband  AlGaAs/CaF2  SESAM  device  can  be  monolithically 
grown  by  molecular  beam  epitaxy.  The  large  difference  in  the  refractive  indices  of  the  AlGaAs 
and  CaF2  provide  large  high  reflection  bandwidth  and  makes  this  material  combination  very 
interesting  for  ultrashort  pulse  generation  or  broadband  tunability.  The  generation  of  sub-lO-fs 
pulses  was  possible  with  only  six  layers  grown  in  one  stack:  two  mirrors  pairs,  a  spacer  layer  and 
a  saturable  absorber  layer.  The  large  reflection  bandwidth  of  the  AlGaAs/CaF2  Bragg  mirror,  an 
the  fast  recovery  times  and  low  nonsaturable  losses  of  the  GaAs  saturable  absorber  grown  on 
CaF2  allow  for  pulse  spectra  supporting  sub-6-fs  pulses. 
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ABSTRACT 

PbSe/PbSrSe  multiple-quantunvweU  (MQW)  stmctures  and  PbSrSe  thin  films  were  grown 
on  BaE  (111)  substrates  by  molecular  beam  epitaxy  (MBE)  and  characterized  by  Fourier 
transform  infiared  (FTIR)  spectrometer.  Strong  photoluminescence  without  Fabry-Perot 
interference  fiinges  was  observed  even  at  room  temperature  fiom  the  MQW  structures.  The  peak 
energies  for  the  MQW  stmctures  with  different  well  widths  shifted  to  high  energy  with 
increasing  temperature.  The  absorption  edge  of  PbSrSe  layer  was  determined  by  transmission 
spectra.  Meanwhile,  we  designed  and  fabricated  X=4A  pm  MQW  vertical  cavity  surface  emitting 
laser  (VCSEL).  A  power  output  of  40  mW  was  obtained  at  room  temperature.  The  room 
temperature  threshold  pump  density  is  200  kW/crr^. 


INTRODUCTION 

Mid-infiared  diode  lasers  are  mainly  used  for  trace-gas-sensing  applications  [1].  This  is  due 
to  the  fact  that  the  numerous  absorption  lines  of  many  gaseous  molecules,  such  as  CO2,  CH4, 
N2O,  HCl,  etc.,  are  in  the  range  of  mid-infiared  spectra.  Performance  requirements  that  are  not 
yet  available  include  continuous  wave  (cw)  operation  at  thermoelectric  cooler  range  (r>  240  K), 
spectral  purity,  and  reasonable  output  powers  (>1  mW)  vrith  good  beam  quality.  Although 
substantial  advances  have  been  made  in  the  development  of  edge  emitting  mid-infiaied  diode 
lasers,  including  IV-VI  lead-salt  [2],  qrrantum  cascade  (QC)  [3,4]  and  type-II  qirantum  well 
(QWO  devices  [5],  there  has  little  progress  until  recently  in  developing  mid-IR  vertical  cavity 
surface  emitting  laser  (VCSEL).  This  is  despite  the  attractive  performances  of  VCSELs,  such  as 
low-divergence  circular  beams,  single  mode  operation,  and  the  high  possibility  of  two- 
dimensional  monolithic  integration  arrays. 

It  is  well  known  that  the  presence  of  the  Auger  recombination  in  narrow  gap  semiconductors 
is  the  major  factor  limiting  high  temperature  operation  of  mid-infiared  lasers.  The  major 
advantage  of  lead  salt  materials  is  that  the  Auger  coefficients  ate  more  than  one  or  two  orders  of 
magnitude  lower  than  other  mid-IR  materials  with  a  comparable  bandgap  [6,7],  and  it  will  not 
prevent  quantum  stmcture  of  these  materials  from  achieving  room  temperature  laser  operation 
[6].  We  proposed  and  demonstrated  the  first  IV-VI  VCSEL  on  BaE  (111)  substrate  [8].  Such 
VCSELs  have  obtained  near-room-temperature  pulsed  operation  300mW  ou^JUt  power  [9,10] 
and  threshold  density  as  low  as  10.5  kW/cm^  [1 1].  In  this  paper,  we  report  optical 
characterization  of  IV-VI  PbSe/PbSrSe  MQW  structures  and  PbSrSe  layer  for  VCSEL.  The 
optical  properties  of  the  VCSEL  are  also  given. 
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EXPERIMENTAL  DETAn> 


The  PbSe/PbSrSe  MQW  structures  and  PbSrSe  thin  films  were  grown  on  BaFi  (III) 
substrates  by  molecular-beam  epitaxy  (MBE)  in  an  Intevac  Modular  Gen  II  system  using 
compound  sources  for  PbSe  and  BaF2,  and  elemental  sources  for  Sr  and  Se.  The  three  MQW 
structures  grown  are  with  well  layer  thickness  of  10,  16, 20  nm  and  with  barrier  layer  thickness 
of 30, 40, 37  ran,  le^rectively.  A  Sr-to-PbSe  flux  ratio  of  3%  was  used  to  grow  the  PbSrSe 
barriers  in  PbSe/PbSrSe  MQW  structures.  The  Pbi-xSrxSe  diin  film  was  grown  witii  Sr-to-PbSe 
flux  ratio  from  3%  up  to  100%.  Based  on  the  results  obtained  from  the  samples  mentioned 
above,  we  designed  and  grew  a  VCSEL  stmcture  in  this  MBE  system.  The  typical  stmctuie  is 
plotted  in  Fig  1 .  The  VCSEL  stmcture  mainly  consists  of  a  bottom  mirror,  a  PbSe/PbSrSe  MQW 
active  layer  and  a  top  mirror.  The  bottom  and  top  mirrors  were  fabricated  with  3-pair  quarter- 
wave  stack  of  Phb.97Sr0.03Se  (188  nm)/BaF2  (591  nm)  and  Pb,.75Sro.35Se  (282  nm)/BaR  (599  nm), 
respectively.  The  active  layer  consists  of  a  X/2-cavity  of  9-period  PbSe  (20  nm)/Pbb,97Sro.o3Se  (20 
nm)  multiple  QW  stmctuie.  Details  of  the  growth  leclmiques  for  PbSe/PbSrSe  MQW  VCSEL 
have  been  published  elsewhere  [12].  Large  difference  of  reflective  indices  between  the 
Ph).97Sro.o3Se  (n  ~  4.7)  and  BaFi  (n=l  .46)  yields  more  than  99%  hij^  reflectivity  with  only  a 
three-pair  stack  for  the  bottom  mirror.  The  higlier  strontium  content  of  35%  is  used  to  fabricate 
the  top  miirar  for  the  first  time  so  that  the  absorption  edge  of  Pbo.75Sro..r5Sc  is  beyond  1.064  pm 
pump  source.  The  absorption  edge  was  determined  by  the  transmission  measurement. 

The  samples  were  characterized  by  the  photoluminescence  (PL),  transmission  and  reflection 
measurements  with  the  aid  of  the  BRUKER IFS  66/S  Fourier  transform  infrared  (FTIR) 
spectrometer.  Without  further  processing,  the  samples  wens  mounted  on  a  copper  holder  within  a 
cryostat  and  illuminated  with  a  1.064  pm  Nd:YAG  laser  (Xpuisc  ~50  ns,  10  Hz)  at  an  incident 
angle  of  75”  for  PL  and  laser  emission  measurement  The  standard  synchnonal  output  signal  was 
used  as  trigger  source  during  measurement  The  spot  size  focused  on  the  sample  surface  was  4 
mmxO  mm  for  PL  measurement  The  signals  coming  from  the  samples  was  collected  by  two 
planar  mirrors  and  two  concave  mirrors,  passed  through  2.47  pm  kx^-pass  filter  to  cut  off  the 
signal  of  the  pump  beam  and  measured  by  the  IFS  66/S  spectrometer.  A  polarizer  controlled  the 
pump  intensity  by  changing  the  angle  of  the  polarizer,  and  an  LNi-cooled  InSb  detector  with  a  6 
pm  cutoff  wavelength  detected  the  emission  radiation.  The  pump  power  density  for  the  PL 
measurement  is  kept  about  200  kW/cm^.  The  temperature  range  of  the  measurements  is  80-300 
K. 


PN-esSr  ojsSe/BaFj 
3  period  DBR 

Cavity 

Pb*.97Sr  o.e3Se/BaF2 
3  period  DBR 


Figure  1.  VCSEL  stmctuie  schematic. 
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RESULTS  AND  DISCUSSION 

Fig.  2  displays  the  temperature  dependence  of  PL  peak  energies  for  the  three  MQW  samples 
with  different  well  layer  thicknesses.  Also  shown  is  the  PL  energy  change  for  the  PbSe  thin  fihn 
grown  on  the  (1 1 1)  BaR  substrate.  The  PL  peak  energies  increase  monotonously  with 
temperature  from  80  to  300  K  and  decrease  with  the  increase  of  the  well  layer  thicknesses  at  the 
same  temperature,  which  is  attributed  to  recombination  of  quantum  confined  electron-hole  pairs. 
The  temperature  coefficient  is  0.43, 0.42  and  0.43  meV/K  for  10, 16  and  20  nm  well  width, 
respectively.  The  peak  energy  change  of  bulk  PbSe  with  temperature  can  be  expressed 
theoretically  as  [13,14], 

Eg,  PbSc(meV)  =  125  +  (400  +  (1) 

Where  Eg,  Pbsc  is  bandgap  energy,  and  T  is  temperature.  As  shown  in  Fig.  2,  the  theoretical  value 
(shown  as  solid  square  in  Fig.  2)  is  good  agreement  with  the  experiment  data  (0.498  meV/K).  To 
optimize  the  VCSEL  performance  at  a  certain  temperature,  one  needs  to  align  the  gain  peak  to 
the  cavity  resonance.  The  results  above-mentioned  are  favorable  to  design  and  fabricate  high 
performance  VCSEL. 

The  measured  PL  spectra  at  160  K  and  room  temperature  from  the  three  MQW  stmctures 
with  different  well  layer  thickness  are  shown  in  Fig.  3  (a)  and  (b),  respectively.  The  spectra  were 
collected  with  a  resolution  of  8  cm'‘  (1  meV)  and  a  coaddition  of  128  times.  To  be  able  to 
compare  the  PL  intensities  of  single  QW  between  the  three  samples,  we  divided  the  measured  PL 
intensities  by  the  corresponding  QW  period  number  in  the  sample.  As  the  well  layer  thickness 
decreases,  the  peak  energies  shift  towards  higher  energies  (blueshift).  At  low  temperature,  the 
full  width  at  half  maximum  (FWHM)  decreases  from  8.2  to  7.2  meV  as  the  well  layer  thickness 
is  decreased  from  20  to  10  nm.  However,  such  change  of  FWHM  is  not  observed  at  room 
temperature  spectra.  The  PL  intensity  is  increased  with  decreasing  well  layer  thicknesses  and  up 
to  maximum  for  10  nm  well  width. 


Figure  2.  The  PL  peak  energies  as  a  function  of  temperature.  The  well  width  is  10  nm 
(diamond),  16  nm  (triangle)  and  20  nm  (circle),  respectively.  The  solid  square  and  star  show  the 
calculation  values  from  equation  (1)  and  measured  values  from  bulk  PbSe,  respectively. 


357 


Energy  (meV)  Energy  (meV) 


(a)  (b) 

Figure  3.  PL  spectra  for  different  well  widths  at  (a)  160  K  and  (b)  room  temperature. 

In  comparison,  the  PL  spectrum  for  PbSe  thin  film  with  tliickness  of  2  pm  is  also  shown  in 
Fig.  3  (b).  The  broad  FWHM  can  be  clearly  observed.  Note  that  the  spectrum  for  bulk  PbSe 
around  2400  cm' '  is  distorted  due  to  the  absorption  by  atmospheric  CO2  in  the  open  emission 
part.  No  interference  fiinges  were  observed  for  these  QW  samples.  Normally,  due  to  the  large 
difference  of  refractive  indices  between  the  IV- VI  QW  layer  (n  ~  4.7)  and  tlie  BaF.  substrate 
(n=L46),  photoluminescence  (PL)  signals  were  often  merged  with  the  interference  fringes  of  tlic 
layer  [15],  which  makes  it  very  difficulty  to  determine  the  net  gain  peak.  Witli  the  aid  of  short 
pulse  Nd-YAG  laser  at  1 .06  pm  being  used  as  a  pump  source,  tlie  net  gain  peak  is  successfully 
confirmed.  The  strong  PL  signals  obtained  clearly  showed  amplified  spontaneous  emission 
(ASE)  that  significantly  suppressed  the  interference  fringes.  The  ASE  at  room  temperature 
suggests  that  the  Auger  recombination  does  not  limit  IV-VT  lasers  operating  above  room 
temperature. 

Increasing  Sr  content  during  Pbi  .^SrxSe  growth  results  in  the  increase  of  tlie  band  gap.  Tlie 
band  gap  can  be  obtained  from  the  measured  transmission  spectra  for  various  Sr  content,  shown 
in  Fig.  4.  For  different  pump  lasers,  the  suitable  Sr  content  during  growth  of  top  mirror  needs 
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Figure  5.  Room  temperature  reflection  spectra  for  top  mirror  and  bottom  mirror,  respectively. 

to  be  considered  so  that  it  is  transparent  to  pump  laser.  For  example,  if  the  2. 1  jjm  (band  gap  ~ 

0.59  eV)  pump  laser  is  used  as  a  pump  source,  more  than  10%  Sr  content  (Sr-to-PbSr  flux  ratio) 
for  top  mirror  is  required.  For  1 .064  |jm  (band  gap  ~  1 . 1 65  eV)  Nd:YAG  pump  laser,  the  Sr 
content  in  the  top  mirror  has  to  be  beyond  30%  so  as  to  be  with  high  pump  efficiency. 

Based  on  the  results  above-mentioned,  we  designed  and  fabricated  a  VCSEL  device.  Fig.  5 
shows  the  reflection  spectra  of  the  top  mirror  and  bottom  mirror  for  the  VCSEL  at  room 
temperature.  The  35%  Sr  content  was  chosen  to  grow  the  top  mirror  so  that  the  top  mirror  is 
basically  transparent  to  the  1.064  pump  source,  as  shown  in  Fig.  6.  However,  the  high  Sr  content 
results  in  inferior  top  mirror,  and  low  reflectivity  of  92%.  The  9  period  PbSe/Pbt.g?  Sro.o3  Se  (20 
nm/20  nm)  is  used  as  active  layer.  The  resonance  peak  measured  at  room  temperature  from  the 
reflectance  of  the  VCSEL  is  well  matched  with  the  MQW  gain  peak  of  the  active  layer,  as 
indicated  in  Fig.  6.  As  a  result,  a  room  temperature  laser  emission  for  the  PbSe/Pb3.97Sro.o3Se 
VCSEL  is  obtained  for  the  first  time.  Fig.  7  shows  light-light  emission  curves  measured  at 
temperatures  from  290  to  310  K.  As  shown  in  Fig.  7,  above -room-temperature  laser  emissions 
were  clearly  observed.  The  maximum  output  power  of  40  mW  was  obtained  at  room 


Figure  6.  Room  temperature  reflection  spectrum  for  the  VCSEL  shown  in  Fig.  1. 
Also  shown  is  die  gain  peak  on  the  bottom  from  PL  measurement. 
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temperature.  The  room  temperature  threshold  pump  intensity  is  200  kW/cm".  The  detailed  results 
about  the  VCSEL  will  be  published  elsewhere  [16]. 


Figure  7.  Peak  VCSEL  output  power  vs  peak  pump  intensity  at  five  temperatures, 
for  a  1.5  mm  x  1.5  mm  pump  s^L 


SUMMARY 

The  photoluminescence  of  PbSe/PbSrSe  MQW  structures  grown  on  ( 1 1 1)  BaF2  sub.strates  by 
MBE  was  measured  with  the  IFS  66/S  FTIR  spectrometer.  A  short  pulse  NdiYAG  laser  with  the 
\vavelength  of  1 .064  }im  w-as  used  as  pump  source.  Tlie  strong  ASE  suppressed  the  Fabry-Perot 
interference  fringes  so  that  tlie  net  gain  peak  was  easily  obtained.  Through  the  absorption  edge 
measurements  of  PbSrSe  thin  fibns  determined  from  the  transmission  spectra,  a  high  Sr  content 
of  35%  was  chosen  to  grow  the  top  minor  for  the  VCSEL  fabrication.  The  gain  peak  of  the 
VCSEL  designed  and  fabricated  was  well  matched  with  the  resonance  cavity  mode  at  room 
temperature.  As  a  result,  we  have  realized  the  room  temperature  laser  emission  of  the  IV-Vl 
PbSe/PbSrSe  MQW  VCSEL  for  the  first  time.  The  maximum  peak  power  output  is  40  mW, 
which  does  not  show  saturation.  The  room  temperature  threshold  pump  intensity  is  200  kW/errr. 
The  inprovements  in  the  crystal  quality  of  the  top  mirror  are  required.  A  cw  laser  cmi.ssion  will 
be  predicted  as  some  suitable  post-processes  are  applied  for  the  VCSEL  fabrication. 
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ABSTRACT 

In  this  paper  we  review  recent  progress  achieved  in  our  development  of  type-I  GalnAsSb/ 
AlGaAsSb  quantum-well  (QW)  lasers  with  emission  wavelength  in  the  1.74-2.34  pm  range.  Triple-QW 
(3-QW)  and  single-QW  (SQW)  diode  lasers  having  broadened  waveguide  design  emitting  around 
2.26  pm  have  been  studied  in  particular.  Comparing  the  two  designs  we  have  find  that  the  threshold 
current  density  at  infinite  cavity  length  as  well  as  the  transparency  current  density  scale  with  the  number 
of  QWs.  Maximum  cw  operating  temperature  exceeding  50°C  and  90°C  has  been  obtained  for  ridge 
waveguide  lasers  emitting  above  and  below  2  pm,  respectively.  Ridge  waveguide  diode  lasers  emitting 
at  1 .94  pm  exhibited  internal  quantum  efficiencies  in  excess  of  77%,  internal  losses  of  6  cm  ',  and 
threshold  current  density  at  infinite  cavity  length  as  low  as  121  A/cm^  reflecting  the  superior  quahty  of 
our  diode  lasers,  all  values  recorded  at  280  K.  A  high  characteristic  temperature  To  of  179  K  for  the 
threshold  current  along  with  a  value  of  T|  =  433  K  for  the  characteristic  temperature  of  the  external 
efficiency  have  been  attained  for  the  250-280  K  temperature  interval.  Room  temperature  cw  output 
powers  exceeding  1.7  W  have  been  demonstrated  for  broad  area  single  element  devices  with  high- 
reflection/antiieflection  coated  miiror  facets,  mounted  epi-side  down.  The  latter  result  is  a  proof  for  the 
high  power  capabilities  of  these  GaSb-based  mid-ir  diode  lasers. 

INTRODUCTION 

Semiconductor  diode  lasers  emitting  at  wavelengths  around  2  pm  and  beyond  are  of  significant 
current  interest  for  an  increasing  number  of  applications,  including  tunable  diode  laser  absorption 
spectroscopy  (TDLAS)  for  process  control  and  environmental  monitoring,  as  well  as  materials 
processing  such  as  welding  of  plastics  and  medical  laser  surgery.  Many  of  the  potential  applications  for 
mid-ir  semiconductor  lasers,  in  particular  those  involving  molecular  spectroscopy  and  remote  sensing, 
require  coherent  sources  with  narrow  linewidths.  While  the  TDLAS  related  applications  ask  for  high 
spectral  purity  and  tunability  of  the  diode  laser,  the  two  latter  applications  call  for  high  output  powers  on 
the  multiple  watt  level  and  concomitant  high  power  conversion  efficiency  along  with  good  beam  quafity. 
An  additional  key  issue  is  the  ambient  or  above  ambient  operating  temperatures  while  maintaining  high 
power  efficiency.  For  the  2-3  pm  wavelength  interval,  the  conventional  interband  diode  laser  approach 
is  adopted,  employing  GalnAsSb/AlGaAsSb  type-I  QWffiarrier  layers  as  active  region  grown  on  GaSb 
substrates  [1,2],  Diode  lasers  based  on  the  (AlGaIn)(AsSb)  material  system  covering  the  above  given 
spectral  range  demonstrated  excellent  room  temperature  performances,  including  very  low  threshold 
current  density  (J,h),  very  low  btemal  loss  coefficient,  and  high  internal  quantum  efficiency  [3-7]. 
Furthermore,  cw  output  power  of  1 .9  W  at  1 5°C  has  been  obtained  from  200  x  2  mm  broad  area 
diode  lasers  emitting  at  2  pm  [4]. 

In  this  paper  we  give  an  overview  of  our  results  regarding  the  development  of  GalnAsSb/ 
AlGaAsSb  type-I  diode  lasers  emitting  between  1.74  and  2.34  pm,  already  published  in  part  in  Ref  8- 
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11.  The  diode  lasers  studied  in  this  work  are  based  on  the  broadened  waveguide  separate  confinement 
heterostructure  concept. 

EXPERIMENT 

All  diode  laser  structures  described  in  the  present  paper  were  grown  on  commercial  2-inch  { 100) 
n-type  GaSb:Te  substrates  in  a  solid-source  molecular  beam  epitaxy  system  equipped  with  valved 
cracker  effusion  cells  for  the  group  V  elements  producing  beams  of  As.  and  Sb. .  The  epitaxial  layer 
sequence  starts  with  an  n  -GaSb:Te  buffer  layer,  followed  by  an  n-type  digitally  graded 
GaSb/AlGaAsSb  SL  transition  region  towards  the  2  pm  thick  n-Alo  R5Gao  ijAso  oTSbo  oi  bottom  optical 
cladding  layer  nominally  lattice  matched  to  the  GaSb  buffer  layer.  The  active  region  of  the  3-QW  laser 
consists  of  three  compressively  strained  10  nm  thick  undoped  Ga«  7olt».3oAs(,  of,Sbo  94  QWs  separated 
by  20  nm  wide  undoped  Alo  28Ga<j.72AS().o2Sbo,98  barriers  lattice  matched  to  the  GaSb  substrate.  The 
QW  region  is  embedded  between  400  nm  thick  Aly  28Ga)  v.Aso  o.Sbo  cjx  separate  confinement  layers, 
resulting  in  a  total  waveguide  thickness  of  870  nm.  The  layer  sequence  is  completed  by  a  2  pm  wide  p- 
Alo.ssGay  i5Aso.o7Sbo  93  upper  optical  cladding  layer  followed  by  a  p-type  digitally  graded 
GaSb/AlGaAsSb  SL  transition  region  towards  the  p^-GaSb:Be  contact  layer.  The  single  QW  laser 
incorporates  480  nm  thick  separate  confinement  layers  and  one  QW  in  the  active  region,  while  the  other 
parts  of  the  structure  are  identical  to  the  3-QW  laser.  The  entire  active  region  and  the  top  cladding  layer 
are  grown  at  a  temperature  of-  470°C,  while  the  bottom  cladding  layer  at  a  higher  temperature  of 
~  550°C.  For  more  details  regarding  the  growth  conditions  sec  [8, 9].  An  additional  set  often  diode 
lasers  all  comprising  3  QWs  have  been  grown  where  the  only  parameters  intentionally  varied  were  the 
In  and  As  contents  in  the  QWs,  from  0.07  to  0.30  and  from  0  to  0. 1 5,  respectively.  All  other  parts  of 
the  layer  sequence  are  identical  with  the  above  mentioned  structure.  The  energy  band-edge  profile  of  a 
typical  3-QW  layer  sequences,  calculated  using  the  Model  Solid  Theory  [12],  is  shown  in  Figure  I . 


Figure  1.  Schematic  energy  band-edge  profile  of  a  3-QW  laser  structure. 

After  the  growth  the  epitaxial  layer  structures  were  analyzed  by  high-resolution  X-ray  diffraction 
(HRXRD)  and  secondary  ion  mass  spectro.scopy  (SIMS)  in  order  to  determine  the  individual  layer 
compositions,  as  well  as  doping  concentrations.  Figure  2  displays  a  typical  HRXRD  profile  covering  the 
004  reflection  range  of  GaSb  for  a  3-QW  diode  la.scr.  The  diagram  reveals  well-resolved  SL  diffraction 
peak  signature  of  the  3  QW  active  region  along  with  narrow  diffraction  peaks  associated  with  the 
AlGaAsSb  cladding  and  separate  confinement  layers.  The  difference  between  the  zero-order  SL  peak 
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and  the  GaSb  buffer  peak  provides  the  net  strain  in  the  SL.  In  this  case  the  zero-order  peak  of  the  SL  is 
shifted  to  a  diffraction  angle  smaller  than  that  of  the  GaSb  buffer  layer,  reflecting  a  compressively 
strained  SL  with  Aa/a  =  9.5x1 0'^  As  clearly  seen,  the  measured  data  are  in  good  agreement  with  the 
simulation.  The  residual  mismatch  of  both  cladding  layers  was  in  most  cases  below  lxl0■^  indicating 
excellent  lattice  matching  and  thus  high  crystalline  quality.  All  in  all,  these  laser  stmctures  show  a 
superior  material  quality  indicative  for  our  mature  growth  technique. 

SIMS  depth  profiles  of  the  group  in  elemental  components  Al,  Ga,  and  In,  along  with  those  of  the 
dopants  Be  and  Te  are  plotted  in  Figure  3.  The  Ga  and  Al  depth  profiles  clearly  mark  the  cladding  and 
the  separate  confinement  layers,  while  the  In  depth  profile  shows  tiie  QW  region.  Each  dopant  profile 
was  calibrated  against  known  implants  into  AlGaAsSb.  It  can  be  seen  that  the  cladding  layers  are 
heavily  doped  in  order  to  minimize  Ohmic  losses,  typically  the  Be  is  incorporated  up  to  a  level  of 
5.5x10'^  cm'^,  and  the  Te  doping  level  is  higher  with  a  concentration  of  1.4x10'^  cm'^ 

Edge-emitting  index-guided  Fabry-Perot  diode  lasers  with  ridge  aperture  varying  from  6  to  64  pm 
have  been  prepared  for  all  the  stmctures  reported  in  this  paper,  using  standard  optical  lithography  and 
chemically  assisted  ion  beam  etching.  For  high  output  power  gain  guided  150  pm  broad  area  lasers 
separated  by  trench  etch  isolation  have  been  fabricated.  In  the  latter  devices  the  cap  etching  was  done 
by  selective  reactive  ion  etching.  The  etched  surfaces  were  passivated  with  SiN.  TiTVAu  and 
(AuSn)Au  have  been  deposited  for  the  top  p-contact  and  backside  n-contact  metalization,  respectively. 
Laser  bars  with  cavity  lengftis  varying  between  0.5  and  2  mm  have  been  cleaved  and  soldered  either 
substrate-side  down  or,  for  high  output  powers,  epi-side  down  onto  copper  heat  sink.  For  several  laser 
bars,  to  maximize  single  ended  output,  low-reflectivity,  AR  (5%),  and  high-reflectivity,  HR  (95%), 
coatings  have  been  applied  to  the  cleaved  mirror  facets.  The  emission  spectra  were  measured  by 
focusing  the  laser  beam  into  a  Fourier-transform  infrared  (FTIR)  spectrometer  equipped  with  a  cooled 
InSb  detector,  using  £^4  collection  optics  and  spectral  resolution  of  0.25  cm"'  (~1  A).  For  absolute  light- 
power  measurements  the  lasing  emission  was  collected  into  a  calibrated  pyroelectric  detector. 


Figure  2.  Experimental  HRXRD  profile  (upper 
curve)  and  simulated  profile  (lower  curve)  covering 
the  004  reflection  range  of  GaSb  for  a  3-QW  diode 
laser  stmcture. 


Figure  3.  SIMS  depth  profiles  of  individual 
elemental  constituents  Al,  Ga  and  In  (left  axis), 
and  of  the  p  and  n  dopants  Be  and  Te, 
respectively  (right  axis),  for  a  3-QW  laser. 
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RESULTS  AND  DISCUSSION 


3-OW  and  SOW  diode  lasers  cmitring  at  2.26  urn 

The  room  temperature  current-voltage  characteristics  of  the  devices  revealed  tum-on  voltages 
around  0.7  V  and  low  series  resistances  of  about  300  mO  for  64  x  1 000  |.im  ridge  waveguide 
lasers.  All  laser  diodes  were  electro-optically  characterized  in  cw  operation.  Additionally,  for  an 
accurate  determination  of  the  threshold  current  pulsed  mode  measurements  have  been  performed. 
Current  pulses  of  5  jis  duration  at  a  10  kHz  repetition  rate  were  generated  by  a  Fastest  pulsed  current 
source.  The  light  output  power  as  a  function  of  the  injection  current  was  measured  at  heat  sink 
temperatures  varying  between  250  and  360  K  for  several  ridge  widths  and  cavity  lengths.  The  power 
levels  quoted  below  have  been  corrected  for  the  transmission  coefficients  of  the  output  optics  and  for 
the  collection  efficiency.  Figure  4  shows  cw  collected  optical  power  from  a  single  facet  and  total  power 
efficiency  versus  drive  current,  for  a  64  pm  x  600  pm  3-QW  ridge-waveguide  la.ser  recorded  at  280 
and  3 10  IC  A  differential  quantum  efficiency  (r|d)  of  50%  and  a  total  power  efficiency  (called  also  wall- 
plug  efficiency)  of  23%  were  deduced  at  280  K.  The  latter  is  the  highe.st  value  reported  so  far  for  diode 
lasers  emitting  beyond  2.2  pm  and  equals  the  power  efficiency  of  22.5%  reported  for  a  single-QW 
GalnAsSb/AlGaAsSb  laser  with  a  significantly  shorter  emi.ssion  wavelengtli  of  2.05  pm  [3],  The 
relatively  high  power  conversion  efficiency  reflects  the  high  r\d  and  low  series  resistance  achieved  for  the 
present  lasers. 

The  spectral  characterization  in  cw  mode  yielded  single  mode  lasing  emission  at  several 
temperatures  for  drive  currents  near  threshold.  The  inset  of  Figure  4  shows  high-resolution  single 
longitudinal  mode  cw  lasing  spectra,  recorded  at  280  and  3 10  K,  for  a  64  ^  x  600  pm  3-OW  diode 
laser,  with  emission  close  to  2.26  pm  for  the  latter  temperature.  At  higher  injection  currents  the  lasing 
spectrum  exhibited  multiple  longitudinal  modes.  The  temperature  dependence  of  the  hising  emission 
yielded  a  temperature  inability  rate  of  -  1 .3  nm/°C,  a  property  linked  to  the  temperature  sensitivity  of 
the  GalnAsSb  band  gap.  As  the  cavity  length  (L)  is  decreased  from  1250  to  5(X)  j.uTi,  the  petik  emission 


INPUT  CURRENT  (A) 

Figure  4.  CW  light  output  power  per  fiicet  and  total  power  efficiency  vs  injection  current  of  a 
64  pn  X  600  pm  3-QW  ridge  laser  operated  at  280  and  310  K.  The  inset  displays  high  re.solution 
spectra  of  single  longitudinal  mode  laser  emission  at  the  mentioned  operating  temperatures. 
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wavelength  for  cw  operation  at  room-temperature  decreases  from  2.26  to  2.23  pm,  as  a  result  of 
increased  band  filling  due  to  higher  threshold  carrier  densities  at  shorter  cavity  lengths. 

The  threshold  currents  (Ith)  are  plotted  as  a  llmction  of  the  cavity  length  in  inset  of  Figure  5  for  the 
3-QW  and  SQW  lasers  at  280  K.  A  linear  decrease  with  L  down  to  550  pm  and  1200  pm  is  observed 
for  the  3-QW  and  SQW  lasers,  respectively.  Furflier  decrease  in  L  leads  to  a  stagnation  in  hh  due  to 
gain  saturation  [13].  This  behavior  is  more  pronounced  for  the  SQW  than  for  the  3-QW  laser  due  to 
the  reduced  number  of  QWs.  Furthermore,  for  the  SQW  laser  even  an  increase  in  1*  is  noticed  for  the 
two  shortest  cavity  lengths.  The  temperature  sensitivity  of  I,h  in  the  200  -  280  K  thermal  range  can  be 
described  by  a  characteristic  temperature  of  To  =  1 10  K  for  the  3-QW  laser. 

Figure  5  depicts  Jth  versus  reciprocal  cavity  length  (l/L)  together  with  a  linear  fit  to  the  experimental 
data  for  the  3-QW  and  SQW  lasers,  both  with  64  pm  apertures,  recorded  at  280  K.  Values  as  low  as 
1 17  A/cm^  and  199  A/cm^  (corresponding  to  66  A/cm^  per  QW)  have  been  achieved  for  the  SQW 
and  3-QW  lasers,  respectively,  both  with  2  mm  cavity  length.  These  values  compare  favorably  well  with 
the  230  A/cm^  (115  A/cm^  per  QW)  reported  for  a  double-QW  laser  at  2.3  pm  [7].  The  linear  fit  to  the 
experimental  data  results  in  a  J,h  at  infinite  cavity  of  150  A/cm^  for  the  3-QW  and  a  value  about  a  factor 
of  three  smaller,  55  A/cm^  for  the  SQW,  as  expected  from  the  decreased  number  of  QWs.  Note  that 
for  the  linear  fit  of  the  SQW  data  the  three  shortest  cavity  lengths  were  ignored  because  of  gain 
saturation,  as  discussed  above. 

To  deduce  the  standard  laser  parameters,  namely  the  internal  quantum  efficiency  (tIj)  and  internal 
loss  coefficient  (tti),  the  inverse  of  rid  is  plotted  against  the  cavity  length,  illustrated  in  the  inset  of 
Figure  6  for  the  SQW  laser  with  a  64  pm  aperture.  The  r|i  and  a,  values  were  derived  using  the  relation 
/[i+oti  L/ln(l/R)].  The  linear  fit  results  in  high  rii-values  of  69%  and  65%  for  3-QW  and  SQW, 
respectively,  and  a,  as  low  as  of  7.7  cm  '  (3-QW)  and  5  cm  '  (SQW).  The  lower  loss  coefficient  of  the 
SQW  laser  is  attributed  to  the  reduced  number  of  interfaces  in  the  active  region.  For  the  fit  to  the  SQW 
the  data  point  at  the  shortest  cavity  length  was  omitted  again  due  to  the  influence  of  gain  saturation.  We 
point  out  that  the  data  show  a  very  low  scatter  even  though  no  data  averaging  for  a  given  cavity  length 
was  performed. 


Figure  5.  Threshold  current  density  vs  inverse  cavity  length  for  the  3-QW  (triangles)  and  SQW 
(squares)  diode  lasers  with  64  pm  wide  ridges  at  280  K.  The  inset  depicts  the  cavity  length  dependence 
of  the  threshold  current  for  the  3-QW  and  SQW  lasers  at  280  K. 
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The  modal  gain  and  the  transparency  current  density  have  been  deduced  by  computing  the  total 
loss  for  various  devices  with  different  L.  The  current-dependent  modal  gain  derived  from  the  total  losses 
(scattered  points)  and  the  logarithmic  fit  [14]  to  the  experimental  data  (dashed  curves)  are  depicted  in 
Figure  6,  tor  the  SQW  (squares)  and  3-QW  (triangles)  lasers  at  280  K.  Transparency  current  densities 
of  41  A/cm-  and  1 13  A/cm’  have  been  obtained  for  the  SQW  and  3-QW  lasers,  respectively.  We 
point  out  that  these  values  of  transparency  current  density  scale  with  the  number  of  QWs  in  the  same 
way  as  the  threshold  current  density  at  infinite  cavity  lengtii,  indicating  a  superior  diode  laser  quality. 

1»74  -  2»34  urn  3-0 W  diode  lasers 

Furthermore  GalnAsSb/AlGaAsSb  diode  lasers  witlr  emission  wavelengths  varying  from  1 .74  to 
2.34  pm  have  been  investigated.  The  lasers  have  been  electro-optically  characteriTed  in  cw  operation  in 
order  to  determine  the  laser  characteristic  parameter,  namely  the  characteristic  temperature  To ,  the 
internal  quantum  efficiency  q  i ,  and  the  internal  loss  coefficient  a,. 

The  cw  lasing  spectra  recorded  at  280  K  heat  sink  temperature  from  nine  different  diode  lasers, 
spanning  the  1 .84  -  2.34  pm  spectral  range,  is  shown  in  Figure  7.  The  geometry  for  all  these  diode 
lasers  was  64  x  600  pm.  One  major  peak,  indicating  single  mode  activity,  has  been  observed  in 
lasing  spectra  of  several  devices  at  low  injection  currents  slightly  above  threshold.  However,  more 
peaks,  reflecting  multi-mode  behavior,  emerged  at  lar  ger  currents.  The  inset  displays  the  spectrum  of  the 
2. 1 3  pm  diode  laser  on  an  expanded  wavelength  scale.  It  shows  well  resolved  multiple  longitudinal 
mode  emission  with  mode  spacing  of  ~  1  nm. 

Figure  8  illustrates  representative  cw  power  output  and  total  power  efficiency  plotted  versus 
injection  current,  recorded  at  280  K  heat  sink  temperature  for  three  64  nn  x  1 000  pm  different  diode 
lasers  emitting  at  1.94,  2.21  and  2.34  pm.  The  light  output  power  drops  .substantially  upon  increasing 
the  wavelength,  so  does  the  power  efficiency,  due  to  the  increase  of  Auger  lo.sses  and  QW 
heterobamer  leakage  with  increasing  wavelength  [11].  The  maximum  output  powers  arc  limited  by  the 
onset  of  theimal  rollover  due  to  the  substrate-sidc-down  mounting  of  the  devices. 


Figure  6.  Modal  gain  vs  current  density  for  the  3-QW  (triangles)  and  SQW  (squares)  diode  lasers  at 
280  K.  Tlie  inset  show's  the  cavity  length  dependence  of  the  inverse  differential  quantum  efficiency  of  the 
SQW  laser  at  280  K. 
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Figure  7.  280  K  lasing  spectra  of  nine  different  diode  lasers  covering  the  wavelength  interval  ftom 

1.84  to  2.34  pm.  The  inset  displays  the  emission  of  the  2.13  pm  diode  laser  on  an  expanded  wavelength 
scale.  All  lasers  in  this  graph  had  a  64  |jn  x  600  pm  size. 


The  maximum  output  power  decreases  approximately  by  a  factor  of  three  when  proceeding  from  the 
shortest  to  the  longest  wavelength  device,  accompanied  by  a  decrease  in  maximum  power  efficiency 
from  29%  to  10%.  Higher  light  output  powers  have  been  obtained  by  applying  HR/AR  coating  with 
reflectivities  of  95%  and  5%,  respectively,  to  the  mirror  facets  of  the  lasers. 

The  characteristic  temperature  To  of  the  threshold  current  has  been  studied  in  more  detail  by 
characterizing  the  devices  in  cw  as  well  as  in  pulsed  operation.  The  temperature  dependence  of  the 
threshold  current  measured  in  pulsed  mode  for  4  different  lasers,  emitting  at  2.34, 2.30, 2. 13  and 
1 .94  pm,  is  depicted  in  Figure  9.  For  the  three  diode  lasers  emitting  on  the  short-wavelength  side  two 
distinct  temperature  regimes  are  visible  showing  different  To  values.  A  study  regarding  the  temperature 
dependence  of  the  threshold  current  as  a  function  of  the  wavelength  revealed  the  following  results:  a 
decrease  in  To  ,  determined  for  the  low  temperature  interval,  from  179  K  to  54  K  is  obtained  for 
wavelengths  increasing  from  1 .94  pm  to  2.34  pm 


Temperature  (K) 


Figure  8.  Power  output  vs  current  (solid  lines) 
and  power  efficiency  vs  current  (dashed  lines) 
characteristics  recorded  at  280  K  for  three  lasers 
emitting  at  1.94, 2.21  and  2.34  pm.  The 
64  pm  X  1000  pm  ridge  waveguide  lasers  were 
operated  in  cw  mode. 


Figure  9.  Pulsed  threshold  current  vs 
temperature  for  different  64  pm  x  1000  pn 
ridge  waveguide  lasers  with  wavelength 
emission  between  1 .94  to  2.34  pm.  The  To 
values  for  the  low  temperature  range  are  given 
as  well  in  the  graph. 
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In  order  to  understand  the  decrease  of  To  with  increasing  wavelength,  it  is  necessary  to  analyze  the 
two  main  contributions  responsible  for  the  temperature  sensitivity  of  I,h,  namely  the  Auger  recombination 
and  the  heterobarrier  leakage.  For  an  extensive  analysis  an  additional  diode  laser,  sample  J,  emitting  at 
the  shortest  wavelength  of  1 .7  pm,  has  been  included.  The  Auger  recombination  is  proportional  to 
exp(-prEg /k-T)  [I],  where  Ej,  is  the  effective  band  gap  energy  and  p  designates  the  reduced  electron- 
hole  mass.  Therefore,  if  Auger  is  the  dominant  loss  mechanism  then  To  can  be  expected  to  increase  with 
the  band  gap.  To  test  the  validity  of  this  assumption  for  the  present  set  of  lasers.  To  is  plotted  in 
Figure  10  (a)  against  the  emitted  photon  energy.  In  order  to  provide  a  higher  accuracy  of  the 
experimental  data.  To  values  obtained  from  pulsed  measurements  have  been  used  since  they  are  more 
precise  than  cw  measurements,  as  the  former  prevent  self-heating  of  the  devices.  Indeed,  as  shown  in 
Figure  10  (a)  for  samples  A  to  G,  an  increase  in  To  with  respect  to  the  photon  energy  is  observed  as 
expected  from  the  above  discussion,  but  all  at  once  a  decrease  for  lasers  H,  I  and  J,  emitting  on  the 
short-wavelength  side,  appears  which  is  not  consistent  with  the  view  of  Auger  recombination  limited 
threshold  current.  On  the  other  hand,  the  heterobarrier  leakage  is  proportional  to  m"'  ’  expf-En  /kT) 

[15],  where  Eb  is  the  conduction  (AE<.  )  or  valence  band  offset  (AF.v),  whatever  is  smaller.  Therefore,  if 
the  heterobarrier  leakage  is  the  dominant  mechanism,  To  should  increase  with  F^,.  Figure  10  (b)  shows 
the  To  values  as  a  function  of  the  conduction  or  valence  band  offset,  whichever  is  smaller.  Within  the 
scatter  of  the  experimental  data  a  monotonic  increase  of  To  with  increasing  band  offset  is  observed, 
favoring  the  assiimption  that  heterobarrier  leakage  is  indeed  dominant.  l>;lailed  studies  of  GalnAsSb/ 
AlGaAsSb  type-I  QW  diode  lasers  emitting  in  the  2.3  to  2.6  pm  wavelength  range  have  shown  that  for 
2.3  pm  lasers  with  AlEc  =  AEv ,  the  temperature  dependence  of  fh  is  governed  by  nonradiative  two- 
particle  recombination  [16].  Thence,  the  current  experimental  results  strengthened  by  sample  J  lead  us 
to  conclude  that  of  the  two  mechanisms  discussed  above,  the  temperature  dependence  of  I,i,  is 
governed  by  heterobarrier  leakage,  limiting  the  high-temperature  performance  of  the  pre.sent  diode 
lasers. 


Figure  10.  Characteristic  temperature  To  of  the  different  diode  la.sers  vs  a)  emitted  photon  energy  and 
b)  valence  band  offset  AEv  (circles)  or  conduction  band  offset  AE<-  (rhombs),  whichever  is  smaller. 
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Additional  laser  parameters,  derived  from  the  present  wavelength  series  of  diode  lasers,  are  shown 
in  Table  I,  where  the  values  of  ai  and  T|i  as  well  as  the  Jth  for  infinite  cavity  length  (J//, ,„)  are  compiled 
for  the  various  laser  structures  emitting  between  1.87  and  2.34  pm. 

The  transversal  optical  field  has  been  calculated  taking  into  account  the  various  refractive  indexes  of 
the  different  epitaxial  layers  forming  the  optical  waveguide.  Figure  1 1  a)  shows  the  refractive  index  and 
the  resulting  transversal  optical  mode  intensity  as  a  function  of  the  transversal  position,  corresponding  to 
the  growth  direction,  for  two  different  diode  lasers  emitting  at  1.84  and  2.34  pm.  The  inset  displays  the 
same  data  on  an  expanded  length  scale  for  the  active  region.  The  calculated  confinement  factor  of  the 
QWs  (defined  by  the  overlap  between  the  optical  mode  and  the  QWs)  amounts  to  4.7%  for  the 
1 .84  pm  laser  and  4%  for  the  2.34  pm  device.  The  overlap  with  the  cladding  layers  was  calculated  as 
well,  yielding  values  of  8.7%  and  15.5%  for  the  short  and  long  wavelength  emitting  devices, 
respectively. 

An  additional  key  issue  for  high  power  applications  is  the  beam  quality.  To  that  purpose  the  far  field 
(FF)  distribution  both  along  the  slow  and  fast  axis  have  been  measured.  FF  scans  in  the  transversal  (fast 
axis)  and  lateral  direction  (slow  axis)  of  the  laser  emission  have  been  performed  by  rotating  the  diode 
laser  placed  at  a  distance  of  20  cm  in  front  of  an  extended  wavelength  InGaAs  detector  with  1  mm 
diameter.  The  diode  laser  has  been  operated  at  two  different  drive  currents,  2  and  4  times  the  threshold. 
The  device  under  investigation  had  a  16  pm  x  1000  pm  geometry  and  the  mirror  facets  were  HR/AR 
coated.  All  the  measurements  were  performed  at  room  temperature.  The  measured  fast  axis  profiles  for 
the  two  different  injection  currents,  2Ith  and  41, h,  were  almost  identical,  exhibiting  a  Gaussian  shape  with 
full-width  at  half-maximum  (FWHM)  divergence  angle  of  ~  67°,  which  compares  well  with  the 
calculated  value  of  60°.  Figure  1 1  b)  displays  the  calculated  and  measured  transversal  FF  angular 
distribution  for  the  above  mentioned  diode  lasers,  emitting  at  1 .84  and  2.34  pm.  The  graph  reveals  a 
very  good  agreement  between  the  calculated  and  experimental  data.  In  addition,  both  the  calculated  and 
simulated  curves  show  no  significant  dependence  with  respect  to  the  wavelength. 


Table  I.  Internal  loss  coefficient  ,  internal  quantum  efficiency  TJ,- ,  as  well  as  threshold  current 
density  for  infinite  cavity  length  for  the  various  laser  diode  structures  with  emission  wavelength 

given  in  the  second  column. 
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Transveral  Postion  (pm)  Angle  -  Fast  Axis  (®) 

Figure  1 1,  a)  Calculated  transvereal  optical  mode  intensity  (right  axis)  and  refractive  index  (left  axis)  vs 
transversal  position,  corresponding  to  the  growtii  direction,  for  two  different  lasers  emitting  at  1 .84  |m 
and  2.34  pm.  The  inset  zooms  in  the  QW  active  region;  b)  Calculated  (symbols)  and  measured  (line) 
transversal  far-field  angular  distributions  for  two  different  lasers  emitting  at  1.84  pm  and  2.34  pm 

The  lateral  optical  field  was  calculated  for  a  diode  laser  emitting  at  1 .94  pm  with  16  pm  wide  ridge 
geometry.  Figure  12  a)  displays  the  calculated  lateral  optical  mode  profile  (right  axis)  up  to  the  2"‘‘ 
order,  together  with  the  effective  refractive  index  (left  axis)  reflecting  the  rectangular  shape  of  tlie  16  |m 
ridge  aperture.  In  contrast  to  the  transversal  pattern,  however,  the  lateral  FF  shows  a  multi-mode 
behavior.  Upon  increasing  the  injection  current,  the  profile  shape  changes,  showing  higher  order  side 
peaks,  and  the  FWHM  of  the  divergence  angle  increases  somewhat  from  4.8°  (21, i,)  to  5.6°  (41, h). 
Figure  12  b)  illustrates  the  angular  dispersion  of  the  measured  (upper)  and  simulated  (lower)  lateral 


Lateral  Position  (pm)  Angle  -  Slow  Axis  (•) 


Figure  12.  a)  Calculated  lateral  optical  mode  .spatial  profiles  up  to  the  2"‘*  order  for  a  1 .94  pm  diode 
laser.  The  assumed  etch  depth  is  1 .9  pm  and  the  ridge  width  is  16  pm;  b)  Itxperimental  (upper)  and 
calculated  (lower)  lateral  far-field  mode  profiles  of  a  16  x  1000  pm  diode  laser  with  coated  mirror 
facets  emitting  at  1.94  pm.  The  experimental  data  were  recorded  at  room  temperature  for  two  different 
injection  currents,  21, i,  and  41, h,  and  the  calculated  angular  distribution  is  up  to  the  3'*^  order. 
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FF  intensities  of  the  1 .94  |am  diode  laser  with  16  \m\  ridge  width  and  1000  |am  cavity  lengfti.  The 
measurements  have  been  performed  again  at  2Ith  and  4Ith.  The  angular  dependence  of  the  lateral  FF 
was  calculated  up  to  the  3^^*  order  mode.  Regarding  the  measured  profiles,  at  2Ith  only  the  zero  order 
mode  is  visible  in  the  experimental  FF  profile,  whereas  at  4Ith  the  first  and  second  order  modes  are 
clearly  resolved.  The  angular  position  of  the  measured  side  peaks  originating  from  higher  order  modes  is 
in  excellent  agreement  with  the  calculations. 

To  fully  exploit  the  superior  material  quality  of  the  present  (AlGaIn)(AsSb)  diode  lasers  emitting 
around  2  pm,  broad  area  lasers  with  single  ended  output  have  been  processed,  and  mounted  epi-side 
down  for  improved  heat  sinking.  Resulting  room-temperature  cw  optical  output  and  total  power 
efficiency  vereus  injection  current  is  depicted  in  Figure  13,  for  a  150  |jn  x  1000  pm  broad  area  laser 
with  emission  wavelength  of  1 .98  pm  at  300  K.  A  maximum  cw  output  power  exceeding  1.7  W  at 
room  temperature  was  achieved  at  a  drive  current  of  6.8  A,  corresponding  to  a  voltage  drop  of  1.67  V. 
The  maximum  total  power  efficiency  amounted  to  27%  and  decreased  to  a  value  of  15%  at  the 
maximum  power  of  1.7  W. 

CONCLUSIONS 

GalnAsSb/AlGaAsSb  type-I  QW  lasers  spanning  the  spectral  range  from  1.74  to  2.34  pm  have 
been  realized  and  investigated.  Laser  structures  with  3-QWs  and  SQW  have  been  studied  in  detail. 
Excellent  laser  performances,  which  become  evident  from  high  characteristic  temperatures  To  of  179  K, 
high  internal  quantum  efficiency  of  77%,  and  low  internal  losses  of  6  cm'*,  have  been  achieved.  Beside 
that,  a  comparison  between  the  3-QW  and  SQW  laser  structures  showed  that  the  threshold  current 
density  at  infinite  cavity  and  the  transparency  current  density  scale  nicely  with  the  number  of  QWs.  A 
careful  study  has  been  conducted  regarding  the  characteristic  temperature  of  the  threshold  current  with 
respect  to  the  lasing  wavelength  in  order  to  provide  better  understanding  concerning  the  different  loss 
mechanisms  limiting  the  laser  performances.  An  additional  topic  we  have  addressed  was  the 
investigation  of  the  far  field  profiles  related  with  these  laser  stmctures.  Finally,  1.7  W  cw  optical  output 


Figure  13.  Room  temperature  cw  output  power  vs  current  and  total  power  efficiency  vs  current  for 
1.98  pm  broad  area  diode  lasers,  coated  and  mounted  epi-side  down.  Output  powers  exceeding  1.7  W 
cw  have  been  achieved. 
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power  at  room  temperature  has  been  demonstrated  using  single  ended  broad  area  diode  laser,  a  very 
pHTomising  result  for  high  power  applications  of  the  2  |ijTj  diode  lasers. 
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ABSTRACT 

We  report  here  on  thin  films  proton-working  electrochromic  devices  based  on  the  well- 
known  tungsten  oxide  as  the  coloring  electrode,  and  Antimony  Tin  Oxide  (ATO)  as  the  ion- 
storage  counter-electrode.  We  show  that  films  deposited  by  Pulsed  Laser  Deposition  (PLD) 
technique  have  an  apparent  Sb  solubility  up  to  70  at  %,  and  exhibit  unusual  electrochromic 
properties.  Through  potentiostatic  tests  we’ll  demonstrate  that  depending  on  the  composition 
which  influences  film  morphology,  the  Sn-Sb-0  films  could  either  present  a  faradic  or  a 
capacitive-like  behavior,  associated  to  a  color  or  a  neutral  switching  over  a  wide  range  of 
potentials,  respectively.  The  structural  properties  of  ATO  films  are  characterized  by  X-ray 
diffraction  and  transmission  electron  microscopy  (TEM).  Electrochromic  behavior  is  studied  by 
means  of  cyclic  voltamperometry  coupled  with  ex  situ  optical  transmittance  measurements  in  the 
visible  range.  The  maximum  proton-storage  capacity  is  observed  for  ATO  films  containing  40- 
50  at  %  Sb,  while  being  quasi-neutral  when  switching  over  a  wide  range  of  potentials.  These 
compositions  are  finally  retained  for  the  assembly  of  our  WOa/proton-electrolyte/ATO  devices, 
whose  performances  are  reported. 

INTRODUCTION 

In  recent  years,  owing  to  their  capability  of  persistent  and  reversible  color  changes  under 
a  reversible  electrochemical  process,  electrochromic  materials  have  been  widely  involved  in 
optical  technology,  particularly  in  the  field  of  display  panels,  antiglare  car  rear-view  mirrors  and 
transmission  modulation  through  building  windows  [1,2].  To  ensure  a  large-scale  development 
for  this  energy  conscious  architecture,  the  cost  of  smart  windows  needs  to  be  lowered,  especially 
for  proton-working  devices,  which  are  easier  to  build  than  lithium  conducting  ones.  Until  now, 
the  most  durable  all-solid  inorganic  system  is  composed  of  tungsten  oxide  as  the  cathodically 
colored  working  electrode  and  iridium  [3]  as  the  complementary  counter-electrode,  both 
components  exchanging  proton  ions.  However,  owing  to  the  high  cost  of  iridium  oxide,  research 
has  turned  on  cheaper  electrochromic  materials  such  as  hydrous  nickel  oxide  [4],  But  the  latter 
also  presents  non-negligible  drawbacks  such  as  a  poor  stability  in  acidic  electrol3^es.  Thus,  a 
need  for  alternative  and  economical  materials,  which  can  be  used  in  the  composition  of  proton¬ 
conducting  electrochromic  devices,  remained  in  order  to  constitute  an  ion-storage  for  WO3,  and 
keep  the  same  optical  density  over  cycling.  Based  on  our  previous  works  we  will  show  that  the 
Sn-Sb-O  system  may  effectively  satisfy  that  need  [5]. 

EXPERIMENTAL  DETAILS 

Thin  oxide  films  were  prepared  by  pulsed  laser  deposition  using  a  KrF  excimer  laser 
beam  (Lambda  Physic,  Compex  102,  A,=248  nm)  with  a  laser  fluence  of  1-2  J/cm^.  The  targets 
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were  pellets  of  commercial  Sn02  (Aldrich  99.9%)  and  Sb203  (Aldrich  99.9%)  mixtures  in 
stoichiometric  proportions  annealed  for  20  h  at  a  relatively  low  temperature  (700  °C)  in  order  to 
avoid  any  antimony  loss  while  achieving  a  pellet  density  of  60-70%.  Films  of  cm^  area  were 
deposited  either  onto  (Sn02:F)-coated  glass  for  electrochemical  tests  or  onto  simple  glass  for 
structural  and  electronic  characterizations.  Deposition  time  was  fixed  at  15  min  with  a  repetition 
rate  of  3  Hz.  The  thickness,  determined  by  profilomctry  using  a  Dektak  St  instrument,  was 
estimated  as  being  in  the  range  of  200-250  nm. 

Film  crystallinity  was  examined  by  X-ray  diffraction  (XRD)  with  a  Philips  diffractometer 
model  PW  1710  (?iCuK=  0.15418  nm).  High-resolution  transmission  electron  microscopy 
(HRTEM)  was  carried  out  using  a  JEOL  2010  microscope  equipped  with  an  energy-dispersive 
X-ray  spectroscopy  (EDS)  analyzer. 

Optical  transmission  spectra  in  the  UV-visible  and  near  infrared  regions  (250-2500  nm) 
were  obtained  using  a  Varian  double  beam,  UV-Vis-NIR  .spectrometer  "CARY-5E". 

The  electrochemical  properties  of  the  films  were  characterized  by  cyclic  voltammetry 
performed  with  an  Autolab  PGSTAT  30  system.  The  cell  consists  of  the  ATO  film  as  the 
working  electrode  and  of  a  platinum  wire  as  the  counter  electrode,  kMh  immersed  in  a  0.1  M 
aqueous  H3PO4  electrolyte.  The  potentials  were  given  versus  the  saturated  calomel  electrode 
(SCE)  reference.  For  all  the.se  experiments,  cyclic  voltammograms  (CV)  were  scanned  at  a  rate 
of  10  mV/s. 

RESULTS  AND  DISCUSSION 

Films  of  various  antimony-tin  oxide  compositions  were  grown  from  targets  whose 
nominal  composition  was  ranging  between  0  and  80  at.%  Sb.  More  .specifically,  the  films  were 
deposited  at  200  °C  under  lO  '  mbar  oxygen  pressure,  then  annealed  for  30  min  at  550  X  under 
the  same  oxygen  pressure,  and  then  characterized  for  their  clcctrochromic  properties.  Under  such 
deposition  conditions,  as  deduced  from  EDS  analysis,  we  noted  that  the  Sn/Sb  atomic  ratio  was 
relatively  well  preserved  between  target  and  grown  films. 

Structural  characterizations: 

Figure  1  shows  the  X-ray  diffraction  patterns  of  ATO  thin  films  deposited  on  glass 
substrate,  which  are  typical  of  Sn02  cassitcrite  phase.  Increasing  Sb  amount  yields  a  loss  of 
crystallinity;  this  trend  being  also  observed  for  ATO  thin  films  deposited  on  FTO  substrate.  The 
absence  of  peaks  pertaining  to  antimony  oxide  phases  (whatever  the  oxidation  states)  lets 
suppose  the  complete  di.ssolution  of  antimony  in  the  nanostructured  Sn02.  Beyond  70%  Sb,  films 
become  amorphous.  At  first  such  results  could  indicate  that  the  “apparent  solubility  limit”  of 
antimony  in  nanocristalline  tin  oxide  is  reached  near  the  70%  Sb. 

At  this  point  a  legitimate  question  was  whether  these  Sb-enriched  ATO  specimens  were 
presenting  large  amounts  of  amorphous  antimony-containing  material  as  previously  reported  [6] 
or  they  were  single  pha.ses.  To  unambiguously  answer  such  a  que.stion,  HRTEM  measurements 
were  carried  out  on  our  heavily  substituted  ATO  films. 
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Figure  1:  X-ray  diffraction  patterns  of  ATO  thin  films  with  10  <  %Sb  <  60  having  a  Sn02- 
Cassiterite  structure. 

Figs.  2.  a.  and  b.  display  HRTEM  micrographs  of  films  deposited  from  targets  composed 
of  40%  Sb  and  60%  Sb,  respectively. 


Figure  2:  TEM  micrographs  of  ATO  thin  films  with  composition  of  a)  40%  Sb  and  b)  60%  Sb. 

The  high-resolution  images  and  the  electron  diffraction  patterns  recorded  from  these 
materials  gave  no  evidence  for  the  presence  of  any  antimony  oxide  phase.  For  both  compositions 
the  diffraction  pattern  contains  well-resolved  diffraction  rings  characteristic  of  SnOi  cassiterite 
phase.  Indeed,  films  consist  of  small  disordered  crystals  of  a  cassiterite-type  solid,  and  no  trace 
of  amorphous  materials  is  observed  independently  of  antimony  amount.  However,  changes  in 
film  texture  with  composition  are  visible:  while  the  film  with  the  lowest  antimony  content  (40% 
Sb,  Fig.  2.  a.)  is  very  dense,  and  exhibits  a  poor  definition  of  particle  shape,  the  film  containing 
60%  Sb  (Fig.  2.  b.)  appears  less  dense  with  better  defined  grains  of  about  50  A.  In  short,  the 
TEM  study  confirmed  the  formation  of  Sn-Sb-O  solid  solution  with  a  Sn02  cassiterite-type 
structure  up  to  a  concentration  of  60%  Sb. 
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Electrochemical  characterizations: 


Cyclic  voltammograms  (CV’s)  of  our  ATO  films  were  obtained  by  sweeping  the  potential 
from  (-0.7  to  1.5V)  vs.  SCE.  Depending  on  the  film  Sb  content  two  apparent  types  of  CV  traces 
were  observed  (Fig.  3).  Within  the  10-40%  Sb  range,  CV  curves  are  featureless,  and  the 
transmittance  remains  the  same  as  shown  for  the  (60%Sn-40%Sb)  sample  in  Fig.  3.  c.  As  the 
antimony  contents  increases  up  to  50%,  the  cyclic  voltammogram  of  the  films  adopts  a  pseudo- 
capacitive  like  shape  as  previously  shown  by  Marcel  et  al.^ 


^  (nm)  X  (nm) 


Figure  3:  Voltammograms  of  (a)  60%Sn-40%Sb  and  (b)  40%Sn-60%Sb  thin  films.  CV’s  were 
recorded  between  —0,7  and  1,5  V  vs.  SCE  with  a  sweep  rate  of  10  mV/s.  Optical  transmittance 
spectra  of  thin  films  of  compositions  (c)  60%Sn-40%Sb  and  (d)  40%Sn-60%  Sb,  bleached  at  1.5 
V,  and  cathodically  colored  at  -0.7  V. 


From  60  to  70%  Sb  content,  a  pronounced  faradic  behavior  appears,  possibly 
corresponding  to  (Sb  <.>  Sb  )  charge  transfer  with  simultaneous  (dc)iniercalation.  Indeed  a 
redox  couple,  visible  at  ca,  OV  in  oxidation  and  -0.7V  in  reduction,  produces  a  dark-gray 
coloration  with  the  cathodic  sweep,  followed  by  a  bleaching  process  with  anodic  one.  Increasing 
Sb  amount  reinforces  the  optical  contrast  (Fig.  3.  d.)  for  the  composition  (40%  Sn-60%  Sb). 

For  specimens  having  a  capacitive-like  behavior  (typically  those  containing  40%  Sb)  we 
noted  that  the  charge  density  increased  with  cycling.  The  origin  of  this  cycling-driven  activation 
is  most  likely  nested  in  the  non-granular  film  nature  that  limits  the  proton  diffusion,  as  neither 
the  surface  morphology  nor  the  thickness  were  modified  after  cycling.  In  fact  TEM 
measurements  on  films  containing  40%  Sb  show  no  real  change  in  their  morphology  after 
cycling  about  100  times.  The.se  films  remain  very  dense  which  may  lead  to  a  slow  proton 
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diffusion  and  a  capacitive  behavior  of  these  films.  On  the  other  hand,  films  with  composition  > 
60%  Sb  lost  their  capacity  after  cycling.  After  about  100  cycles,  TEM  micrographs  indicated  a 
loss  of  density  associated  to  a  better  grain  definition,  which  may  facilitate  the  proton  diffusion 
leading  to  their  “perfect”  faradic  behavior.  Suggesting  that  these  films  tend  to  slightly  dissolve  in 
H3PO4  electrolyte,  the  resulting  cycling  lifetime  is  apparently  short.  The  electrolyte  was  modified 
by  either  changing  the  concentration  or  its  nature  so  as  to  minimize  film  dissolution. 

Another  interesting  result  is  that  the  best  charge  density  per  micron  thickness  (volumic 
capacity)  was  obtained  over  the  40-60%  Sb  range.  The  best  volumic  capacity  and  the  optically 
neutral  trend  of  ATO  40%,  make  it  a  good  candidate  to  be  used  as  a  counter  electrode  switching 
against  the  preferment  electrochromic  electrode,  i.e.  WO3. 

An  ATO-based  device  was  so  tested  in  H3PO4  (0.1  M)  liquid  electrolyte.  Three-electrode 
measurements  were  carried  out  using  WO3  as  the  working  electrode  and  ATO  (40%  Sb)  as  the 
counter  electrode,  first  investigating  the  potential  evolution  vs  the  exchanged  charge  density  for 
each  component,  then  studying  the  stability  of  coloration  and  bleaching  processes.  We  saw  that 
ATO  is  not  limiting,  while  the  equilibrium  potentials  are  stable  for  colored  and  bleached  states. 
Therefore  ATO  (40%)  is  a  reliable  counter  electrode  for  proton  switching. 

Two  sorts  of  proton-conducting  solid  electrolyte  were  considered:  A  hydrated  Ta205  solid 
electrolyte  and  a  polymer  (H3P04-doped  PBI  (x=l)  gel)  electrolyte.  Here  we  will  only  present 
results  for  the  first  one. 

WO3  and  Ta205/AT0  half-cells  were  grown  separately  on  FTO/glass  substrate  using 
PLD,  and  their  respective  thickness  was  adjusted  so  that  their  capacities  were  balanced.  The 
WO3  film  was  deposited  at  RT  in  10'’  mbar  O2  pressure  (two3=3000  A),  whereas  the  ATO  film 
was  deposited  as  previously  indicated  (tATo=5000  A),  and  Ta205  deposited  on  top  with  the  same 
oxygen  pressure  of  10'^  mbar  at  200  °C  (tTa205=  2000  A).  WO3  was  first  H^-preinserted  (blue 
coloration)  in  H3PO4  (0.1  M)  liquid  electrolyte  with  a  charge  density  of  15  mC/cm^  the  stack 
Ta205/AT0  was  cycled  in  the  same  medium  in  order  to  check  its  ion-storage  ability.  Finally  the 
whole  cell  was  assembled  using  epoxy  resin. 

Two-electrode  potentiostatic  measurements  were  first  carried  out  in  order  to  check  if  the 
pre-inserted  amount  of  proton  was  effectively  exchanged  by  the  device  (Fig.  5.  a).  Note  that  the 
scan  rate  was  considerably  reduced  compared  to  the  liquid  electrolyte  medium  (1  mV/s)  in  order 
to  enable  each  component  to  react  with  proton.  Then  optical  measurements  were  operated 
through  the  whole  cell  (Fig.  5.  b).  Indeed  for  the  electrochromism  application,  the  amount  of 
inserted  species  (i.  e.  Capacity)  is  not  the  main  parameter  but  is  linked  to  the  resulting  optical 
contrast  yielding  a  figure  of  merit  expressed  by  the  coloration  efficiency  (CE)l  This  coloration 
efficiency  CE  is  expressed  as  the  ratio  between  the  contrast  in  the  bleached  state  (Tb)  and  the 
colored  state  (Tc)  and  the  charge  density  (Q).  See  equation  1. 

CE  =  (l/Q)*log(TbA’c)  (1) 

These  measurements  are  yielding  coloration  efficiency  of  35  cmVc  for  our  device,  which 
is  about  the  same  as  that  of  WO3  half-cell.  Thus  ATO  is  an  effective  optically  passive  counter 
electrode.  However  this  value  can  be  improved  whilst  the  overall  transmission  is  considerably 
lowered  by  FTO/glass  and  ATO  layers,  and  can  be  improved  by  using  pigments  such  as  Ti02. 
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Figure  4:  (a)  VoUammograms  of  a  iwo*electrodc  W03/Ta205/AT0  system.  CV’s  were 

recorded  between  -1.8  V  and  1.5  V  vs.  SCE  with  a  sweep  rate  of  1  mV/s.  (b)  optical 
transmittance  spectra  of  the  device  bleached  at  1 .5  V,  and  cathodically  colored  at  -1 .8  V. 


CONCLUSION: 

In  summary,  through  a  systematic  .study  of  Sn-Sb-0  thin  film.s,  we  gave  evidence  for  a 
direct  relationship  between  the  ATO  thin  film  electrochromic  behavior  and  morphology  via 
changes  in  Sb  content.  Based  on  a  charge  transfer  between  Sb^"^  and  Sb^^,  the  optica!  contrast 
between  bleached/colored  states  is  thus  dictated  by  the  antimony  concentration  in  tin  oxide 
matrix.  It  increases  to  the  detriment  of  electrochemical  stability,  which  yields  the  most  antimony- 
rich  compositions  (60-70%  Sb)  presenting  a  typical  faradic  behavior  to  be  non-suitable  proton¬ 
conducting  switching  electrodes.  On  the  other  hand,  films  containing  40%  Sb  present  a  neutral 
coloration  over  a  wide  potential  scale  associated  to  a  capacitive-like  behavior  and  a  good 
capacity  retention.  These  features  make  them  good  candidates  in  their  use  as  cheap  counter 
electrodes  in  proton-working  devices.  The  feasibility  of  an  all-solid  electrochromic  window 
constituted  by  WOi  blue-switching  electrode  exchanging  ions  with  an  ATO  film  containing 
40%  Sb  was  studied.  This  device  was  assembled  using  Ta^Os  electrolyte.  An  electrochromic 
coloration  efficiency  of  about  35  cm^C  was  so  obtained,  which  is  about  the  same  as  that  of  WO3 
half-cell.  Thus  ATO  is  an  effective  optically  passive  counter  electrode.  However,  in  order  to 
improve  the  transmission  of  such  a  sy.stem,  and  increase  its  switching  time  there  is  a  need  to 
improve  the  proton  conduction  for  the  electrolyte,  and  try  to  enlight  ATO  counter-electrode  with 
pigments  such  as  Ti02. 

REFERENCES: 

1.  P.  M.  S.  Monk,  R.  J.  Mortimer,  D.  R.  Rosseinsky,  in  Electrochromism  Fundamentals  and 
Applications  (  VCH,  New  York.  1995). 

2.  C.  G.  Granqvist,  Handbook  of  Inorganic  Electrochromic  Materials,  (Elsevier,  Amsterdam, 
1995). 

3.  M.  A.  Petit,  V.  Plichon,  J.  Elcctroanal.  Chem.,  444,  247  (1998). 

4.  A.  Azens,  L.  Kullman,  G.  Vairars,  H.  Nordborg,  C.  G.  Granqvist,  Solid  State  Ionics  449,  1 13 
(1998). 

5.  C.  Marcel,  M.  S.  Hegdc,  A.  Rougier,  C.  Maugy,  C.  Gucry,  J.  M,  Tarascon,  Electrochem. 
Acta,  46,  2097  (2001). 

6.  F.  J.  Berry,  D.  J.  Smith,  J.  Catal,  88,  107  (1984). 


382 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  692  ©  2002  Materials  Research  Society 


H8.4 


Sb-terminated  InAs(001)-(2x4)  and  (2x8)  studied  using  scanning 
tunneling  microscopy  and  ab  initio  density  functional  theory 

William  Barvosa-Carter/'’"  Frank  Grosse/'^  James  H.G.  Owen/'^'*  and  Jennifer  J.  Zinck^ 
’HRL  Laboratories,  LLC  ,  3011  Malibu  Canyon  Road,  Malibu  CA  90265 
^UCLA  Department  of  Mathematics,  Los  Angeles,  CA 

©  2001  HRL  Laboratories,  LLC.  All  Rights  Reserved 

ABSTRACT 

We  have  studied  the  structure  of  MBE-grown  InAs(001)-(2x4)  surfaces  exposed  to  low 
Sb2  fluxes  by  scanning  tunneling  microscopy  (STM)  and  ab  initio  density  functional 
theory  (DFT).  Experimentally,  we  observe  an  Sb-terminated  a2(2x4)  phase  over  a  wide 
range  of  temperatures  (400-510  °C)  for  low  Sb2  flux  (<0.1  ML/s),  whereas  temperature 
and  As2  flux  must  be  carefully  controlled  to  achieve  the  same  As-terminated  surface 
structure.  At  lower  temperatures,  we  observe  indications  of  an  Sb-terminated  (2x8) 
symmetry  surface  phase,  and  we  report  briefly  on  its  proposed  structure  and  stability, 
as  well  as  its  possible  role  in  subsequent  formation  of  the  Sb-terminated  (1x3)  phase 
found  at  typical  Sb2  fluxes  used  during  heterostructure  growth. 

INTRODUCTION 

The  nearly  lattice-matched  6.1  A  system  of  III-V  semiconductor  materials  (InAs, 
GaSb,  and  AlSb)  is  being  investigated  for  use  in  a  wide  variety  of  novel  optoelectronic 
and  high-speed  quantum  devices.  All  of  these  devices  incorporate  very  thin  layers,  and 
as  a  consequence,  the  interfaces  between  the  constituent  materials  can  have  a 
disproportionate  impact  on  device  performance.  Recent  studies  by  Nosho  et  al.  [1]  have 
highlighted  the  need  for  understanding  surface  reconstructions  and  their  effect  on 
interface  formation.  For  instance,  during  typical  InSb-like  interface  formation  between 
an  AlSb  or  GaSb  layer  on  an  InAs  layer,  the  transition  between  the  (2x4)  surface  of  the 
InAs  and  the  (lx3)-like  surface  that  results  after  Sb  exposure  can  lead  to  monolayer- 
height  interface  roughness  unless  the  stoichiometry  between  the  two  phases  is  taken 
into  account.  Even  during  heteroepitaxy  involving  GaSb  and  AlSb,  reconstruction 
transitions  may  lead  to  undesirable  roughness  at  heterostructure  interfaces. [2]  Hence, 
knowledge  of  surface  structure  under  varying  conditions  of  temperature  and  flux  can 
be  a  valuable  aid  to  a  device  grower  in  devising  interface  preparation  techniques  for 
tailored  interface  roughness. 

In  this  work,  we  seek  to  extend  the  studies  of  Nosho  et  al.  into  the  low  Sb  flux 
regime  to  more  fully  explore  the  stable  and  metastable  Sb-on-InAs  phases,  their 
structure,  and  implications  for  interface  formation.  We  find  that  at  the  lowest  Sb  fluxes, 
an  a2-(2x4)  phase  is  present  and  stable  on  the  surface  up  to  510°C.  The  desorption  rate 
of  Sb  from  this  surface  is  exceedingly  slow,  and  surfaces  can  be  stabilized  for  long 
periods  of  time  at  lower  temperatures  <  480°C.  As  the  substrate  temperature  is 
decreased,  a  (2x8)  structure  appears  that  apparently  incorporates  multiple  layers  of  Sb 
and  appears  structurally  identical  to  that  found  on  GaAs.  At  higher  Sb2  fluxes  and 
substrate  temperatures,  such  as  might  be  used  for  typical  device  growth,  (Fsb2>l-2 
ML/s)  the  surface  transitions  fully  to  a  (lx3)-like  phase,  in  agreement  with  previous 
observations.  At  low  temperatures  and  intermediate  fluxes,  the  surface  is  comprised  of 
a  mixture  of  (2x4)  (2x8)  and  (1x3)  structures.  Given  the  progression  of  structures  with 
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increasing  Sb  flux,  and  their 
arrangement  on  mixed-phase 
surfaces,  we  propose  a  simple 
mechanism  for  formation  of  the 
(lx3)-like  surface  during  typical 
interface  formation  techniques 
used  in  the  MBE  growth  of 
InAs/III-Sb  structures. 

EXPERIMENT 

The  surfaces  we  report  in 
this  paper  were  prepared  using  a 
VG  80H  MBE  chamber,  starting 
with  unintentionally  doped,  0.5  to 
1  |im  thick  InAs  buffer  layers 
grown  on  nominally  0.05°  miscut 
n-type  (undoped)  InAs(OOl) 
substrates  at  470°C.  ASj  flux  rates 
were  measured  using  the  uptake 
methodl3,4]  on  InAs.  Sbj  flux  rates 
were  estimated  by  the  threshold 
flux  needed  to  stabilize  Ill-Sb 
growth.  After  various  surface 


Figure  1 .  Structure  of  the  surface  after  exposure 
to  an  Sbj  flux  of  0.1  ML/s  at  470°C.  Image  is 
50nmx50nm,  filled  states. 


treatments,  as  described  in  the  text,  samples  were  quenched  by  simultaneously  cutting 
the  substrate  heater  power,  shuttering  all  sources,  rotating  the  sample  towards  the 
cryopanel,  followed  by  rapid  removal  of  the  substrate  from  the  chamber.  The  samples 
were  then  transferred  in  vacuo  to  a  connected  UHV  chamber  containing  a  full-wafer 
Omicron  STM  [5]  where  they  are  placed  in  contact  with  a  cold  metal  block.  After  ~30 
minutes,  STM  images  can  be  acquired  with  little  thermal  drift.  All  filled-  and  empty- 
states  STM  images  were  acquired  in  constant  current  mode  using  bias  voltages  between 
1.1  and  3.0  V  and  tunneling  currents  between 
0.03  and  0.2  nA. 

RESULTS  AND  DISCUSSION 

In  figure  1,  we  present  the  structure  of 
the  InAs  surface  at  470°C  stabilized  by  an  Sbj 
flux  of  ~0.1  ML/s.  The  surface  prior  to  quench 
is  apparently  well  ordered  in  the  RHEED 
pattern,  and  this  is  reflected  in  the  surface 
structure  observed  by  STM.  Interestingly, 
while  the  rows  are  well  ordered  in  the  2x  and 
x4  directions,  there  is  disorder  within  each  unit 
cell.  From  a  high-resolution  image  of  this 
structure,  shown  in  figure  2,  we  observe  that 

the  structural  units  along  the  rows  appear  Figure  2.  Higher  resolution  filled 
nearly  identical  to  those  observed  on  As-  states  image  of  the  a2(2x4)  structure 


terminated  InAs  surfaces.  In  particular,  the  formed  when  exposing  In As(OOl)  to 
dominant  reconstructed  unit  on  the  surface  Sbj  flux. 
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appears  to  have  the  a2-(2x4)  structure.  Shown 
schematically  in  figure  3,  the  structure  consists 
of  a  single  Sb  dimer  atop  a  row  of  3  In  atoms, 
with  a  trench  between  each  row.  The  In  atoms 
at  the  edge  of  the  row  rebond  with  In  atoms 
supporting  the  top  As  dimer.  The  trench 
dimer  is  also  replaced  with  Sb.  Theoretically, 
we  find  this  structure  to  be  the  most  stable 
relative  to  a  number  of  other  candidate 
structures[6]. 

While  there  are  clear  similarities  in  the 
structure  of  the  unit  cell  between  As-  and  Sb- 
terminated  (2x4)  surfaces,  some  differences 
emerge  as  well.  For  instance,  the  longer-range 
structure  of  the  surface  also  changes 
dramatically.  For  comparison,  in  figure  4  we 
present  an  As-terminated  a2-(2x4)  surface, 
prepared  by  annealing  an  InAs(OOl)  surface  at 
420°C  for  20  minutes  under  an  As2  flux  of  0.01 
ML/s.  Details  concerning  the  surface  phases  and  associated  structures  (e.g.  the  ad- 
structures  clearly  visible  atop  the  rows  in  figure  3)  can  be  found  in  a  forthcoming 
publication  17].  Briefly,  on  As-terminated  a2-(2x4)  surfaces,  the  surface  structure  can  by 
characterized  by  a  large  density  of  point  and  extended,  island-like  defects.  Additionally, 
many  defects  in  the  dimer  rows  themselves  are  apparent,  including  vacancies  and 
occasional  pi- (2x4)  reconstructed  units.  When  the  surface  is  converted  to  an  Sb- 

terminated  a2-(2x4),  the  surface 
appears  much  "cleaner"  than  the 
As-terminated  surface. 
Additionally,  we  find  an  extremely 
small  density  of  p2-(2x4) 
reconstructed  units  -  one  of  the 
few  observed  (32  units  can  be  seen 
in  the  middle  left  hand  side  of 
figure  2(a).  This  may  possibly 
indicate  that  the  p2-(2x4)  structure 
is  destabilized  when  the  As 
terminated  InAs(OOl)  surface  is 
exposed  to  Sb. 

At  higher  Sb  fluxes  (>1 
ML/s)  at  470°C  we  find  that  the 
surface  makes  a  transition  to  a 
(1x3)  structure,  as  measured  by 
RHEED,  in  agreement  with  prior 
observations.il]  Unlike  the  case  of 
Sb  on  GaAs(OOl)  [8]  we  find  no 
evidence  in  RHEED  that  any 
intermediate  phases  form  at  these 
temperatures.  However,  we  find  at 


ML/s  at  420°C.  Image  is  50nmx50nm,  filled 
states. 
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Fig.  3.  Ball-and-stick  model  of  the 
Sb-terminated  a2-(2x4)  structure. 
White  balls  represent  In,  grey  balls 
represent  As,  and  black  balls 
represent  Sb  dimers. 
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Fig  S:  Surface  after  ^ppear'lo  saturate  in  mtensily."  This 

Sbj  flux  of  ~0.1  ML/sec.  Filled  states  image,  observation  indicates  that  the  (2x8) 
50nmx50nm.  structure  may  not  in  fact  be  a 

.  .  thermodynamically  stable  structure, 

but  IS  instead  metastable.  Another  possibility  is  that  entropic  stabilization  of 
energetically  similar  structures,  like  the  a2-(2x4)  and  (lx3)-like,  may  squeeze  out  the 
(2x8)  region  of  stability  at  higher  temperatures. 

From  the  arrangement  of  the  a2-(2x4)  and  (2x8)  structural  units  on  the  surface, 
we  postulate  a  plausible  structure  and  formation  mechanism  for  the  (2x8)  phase.  We 
^  simple  structure  for  this  phase,  shown  in  figure  6.  The  structure  is  an 
extension  of  the  cx2-(2x4)  phase,  with  the  trench  between  neighboring  a2-(2x4)  units 

being  filled  with  In,  and  the  whole 
structure  capped  by  a  double  layer  of 
ys  Sb.  The  structure  fulfills  electron- 
T  ^  counting  rules.  Our  structure  is 

significantly  different  from  the 
c .-I  -Y  t  ...<  structure  proposed  by  Whitman  et  al. 

^8]  Sb-on-GaAs-(2x8),  which 
incorporated  Sb,„  antisite  defects,  no 
rebonded  a2-like  In  atoms,  and  no 
trench  dimer.  Additionally,  their 
m  m  structure  is  asymmetric  with  respect  to 

A  A  V'A  A  ^  i  centerline  of  the  unit  cell,  a 

"V  f  V  i,  quality  that  does  not  appear  to  be 


ltd 


present  in  our  images  of  this 
Figure  6.  Proposed  structure  of  the  (2x8)  structure. 

surface  phase.  White  balls  represent  In  atoms.  We  have  tested  the  stability  of 

represent  As  atoms,  and  dark  balls  both  our  proposed  structure  and  that 
represent  Sb  atoms  and  dimers.  proposed  by  Whitman  et  al.  using 
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density  functional  theory  (DFT). 

The  DFT  calculations  were  carried 
out  using  the  FHI98MD  simulation 
package  19]  within  the  local  density 
approximation  using  norm- 
conserving  pseudopotentials  [10]. 

The  electronic  wave  functions  were 
expanded  in  a  plane  wave  basis 
that  was  truncated  at  a  cutoff 
energy  of  12  Ry.  The  equivalent  of 
8x8  k-points  in  a  1x1  unit  cell  were 
used  for  k-point  summation, 
generated  using  the  scheme 
proposed  by  Monkhorst  and  Pack 
[11]. 

We  find  that  our  proposed 
structure  is  more  stable.  This  is 
perhaps  not  surprising  -  our 
proposed  structure  incorporates 
only  structural  motifs  from  known 
stable  phases.  The  edges  and 
trench  of  the  structure  are  identical 
to  those  found  in  a2-(2x4).  The  top 
of  the  structure,  involving  multiple 
layers  of  Sb,  is  qualitatively  similar 
to  the  multilayer  Sb 
reconstructions  of  the  Ill-Sb's  [12].  Additionally,  while  electron  counting  is  fulfilled  for 
both  structures,  Sb[n  defects  can  involve  a  significantly  higher  energy  cost. 

At  still  higher  Sb2  fluxes,  we  begin  to  observe  the  formation  of  the  (lx3Hike 
surface  observed  by  Nosho  et  al.  [1].  In  figure  7,  we  show  STM  of  a  surface,  stabilized 
initially  at  an  Sb  flux  of  ~0.1ML/s  at  490°C,  and  then  cooled  to  350°C  where  the  surface 
was  exposed  to  a  higher  Sb  flux  (-0.5  ML/s)  for  10  minutes.  The  resulting  surface 
clearly  has  a2-(2x4),  (2x8),  and  (lx3)-like  structures  present.  There  is  an  additional 
disordered  structure,  labeled  "a"  on  the  figure,  which  appears  to  be  lower  topologically 
than  neighboring  (2x4)  structures,  which  may  represent  areas  of  the  surface  where  In 
atoms  have  been  removed  for  incorporation  into  neighboring  (2x8)  and  (lx3)-like 
regions  of  the  surface.  As  the  In  atoms  in  the  a2-(2x4)  structure  are  removed,  the 
underlying  As  is  exposed.  Ideally  these  regions  can  form  a  quasi  (lx3)-like  structure 
with  Sb  capping  the  As  exposed  by  the  departing  In.  In  this  manner,  these  regions 
would  evolve  into  (lx3)-like  regions  that  are  topologically  1  ML  lower  than  nearby  (1x3) 
"islands".  Subsequent  desorption  of  top  Sb  and  buried  As  dimers,  followed  by  re¬ 
capping  with  Sb  dimers  may  allow  these  areas  to  eventually  obtain  the  "ideal" 
multilayer  Sb  (1x3)  or  (4x3)-like  surface  structure. 

Given  the  arrangement  of  these  various  structures  on  the  mixed-phase  surface  in 
figure  7,  we  propose  a  simple  mechanism  for  formation  of  the  (lx3)-like  surface.  At 
typical  growth  temperatures,  the  desorption  rate  of  As  is  much  greater  than  Sb,  leading 
to  rapid  conversion  of  the  initial  As-terminated  (2x4)  surface  to  an  Sb-terminated  a2- 
(2x4)  phase.  Once  formed,  there  may  be  a  high  driving  force  for  incorporation  and 


Figure  7.  Surface  structure  after  exposure  to 
10s  Sb2  at  350°C.  All  major  surface  phases  are 
present:  (a)  disordered  r‘  layer,  (b)  a2-(2x4),  (c) 
(2x8)-like  structures  and  (d)  2""^  layer  (1x3). 
Image  is  filled  states,  50nm  x  50nm. 
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capping  of  In  adatoms  by  adsorbing  Sb-dimers  between  two  a2  rows.  Once  a  sufficient 
number  of  In  atoms  are  capped  between  these  two  a2  rows,  such  an  arrangement  is 
nearly  identical  to  the  (2x8)  structure  shown  figure  6.  As  shown  in  figure  7,  there  do 
not  appear  to  be  any  neighboring  (2x8)  units  on  the  surface.  Therefore,  we  speculate 
that  once  two  neighboring  (2x8)  units  are  formed,  the  top  layer  Sb  might  either  be  much 
more  mobile,  or  have  a  higher  desorption  rate,  enabling  reorganization  of  this  layer  to 
form  the  (1x3)  structure.  Hence,  although  apparently  not  stable  as  a  surface  phase  at 
higher  temperatures,  it  is  possible  that  (2x8)-like  structures  may  mediate  the  transition 
from  As-terminated  InAs  (2x4)  surface  to  the  (lx3)-like  Sb-terminated  surface  during 
typical  interface  formation  techniques  used  in  the  MBE  growth  of  InAs/III-Sb 
structures. 

CONCLUSIONS 

At  low  Sbj  fluxes,  ~0.1  ML/ s,  we  find  that  an  a2-(2x4)  phase  is  present  and  stable  on  the 
InAs(OOl)  surface  up  to  ~510°C.  As  the  substrate  temperature  is  decreased,  a  (2x8) 
structure  appears.  At  low  temperatures  and  intermediate  fluxes,  we  observe  a  surface 
comprised  of  a  mixture  of  (2x4)  (2x8)  and  (1x3)  structures.  The  arrangement  of  these 
structures  on  the  surface,  along  with  our  proposed  structure  for  the  (2x8),  leads  us  to 
propose  a  simple  mechanism  for  formation  of  the  (lx3)-like  surface  during  typical 
interface  formation  techniques  used  in  the  MBE  growth  of  InAs/III-Sb  structures.  By 
tailoring  the  starting  surface  for  interface  formation  (for  instance,  instead  of  a  (1x3),  use 
the  (2x8)  or  the  a2)  it  may  be  possible  to  advantageously  change  the  resulting 
distribution  of  group  III  and  group  V  atoms  at  a  heterostructure  interface. 
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ABSTRACT 

It  is  necessary  to  clarify  the  effect  of  Marangoni  convection  on  single  crystal  growth  from  a 
melt  in  order  to  improve  the  quality  of  the  grown  crystal  Particularly,  the  deviation  of  crystal- 
melt  (C-M)  interface  from  a  planar  shape  is  a  major  problem  because  it  may  deteriorate  the  quality 
of  the  grown  crystal.  In  this  paper,  we  investigated  the  effect  of  thermal  and  solutal  Marangoni 
convection  on  C-M  interface  shape  in  an  In-Sb  binary  system  by  the  horizontal  Bridgman  (HB) 
method.  The  C-M  interface  concavity  strongly  depends  on  the  cooling  rate  and  the  temperature 
gradient  under  uniform  concentration  distribution  conditions  in  the  melt.  A  large  concavity  was 
observed  at  low  cooling  rates  and  high  temperature  gradient  conditions.  The  concavity  was  found 
to  be  caused  by  thermal  Marangoni  convection,  by  taking  Peclet  number  into  account.  Then,  we 
varied  the  composition  of  the  In-Sb  binary  system  to  induce  solutal  Marangoni  convection 
intentionally.  The  C-M  interface  was  kept  planar  in  case  solutal  Marangoni  convection  occurred  in 
the  direction  opposite  to  the  thermal  one.  Therefore,  we  believe  that  the  utilization  of  solutal 
Marangoni  convection  will  be  a  new  control  technique  to  make  the  C-M  interface  planar  for  the 
HB  system.  From  these  results,  it  was  clarified  that  Marangoni  convection  plays  a  significant  role 
in  the  HB  crystal  growth  system. 

INTRODUCTION 

At  present,  most  of  the  semiconductor  bulk  crystals  are  grown  by  melt  growth  methods  such 
as  the  Czochralski  (CZ)  or  the  horizontal  Bridgman  (HB)  method.  During  crystal  growth  by  these 
methods,  convection  in  melt  affects  the  quality  of  the  grown  crystals.  Therefore,  it  is  necessary  to 
clarify  the  mechanism  of  convection  in  melt  and  to  control  the  convection  to  improve  the  quality 
of  the  crystal.  The  convection  can  be  divided  into  buoyancy  convection  and  Marangoni 
convection.  The  driving  force  of  the  former  is  the  buoyancy  difference  in  the  melt,  and  that  of  the 
latter  is  the  surface  tension  difference  on  the  free  surface.  The  convection  can  also  be  divided  into 
thermal  and  solutal  convection  because  those  driving  forces  vary  with  temperature  and 
concentration.  Particularly,  thermal  buoyancy  convection  has  been  extensively  investigated  since 
as  early  as  the  beginning  of  the  20th  century  [1].  On  the  other  hand,  the  importance  of  Marangoni 
convection,  which  has  nothing  to  do  with  gravity,  was  recognized  after  semiconductor  crystal 
growth  experiments  were  conducted  under  microgravity  conditions  in  the  1980s  [2].  Since  then, 
Marangoni  convection  has  been  investigated  by  many  researchers  [3,4]. 

Regarding  solutal  convection,  although  solutal  buoyancy  convection  has  been  studied  as  a 
double  diffusive  problem,  solutal  Marangoni  convection  had  not  been  studied  so  far.  Therefore, 
we  performed  some  experiments  to  measure  surface  velocities  caused  by  buoyancy  convection 
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and  Marangoni  convection  using  a  rectangular  boat  with  a  free  surface.  Consequently,  we  found 
that  the  surface  velocities  of  soluial  Marangoni  convection  arc  approximately  3-5  times  higher 
than  those  of  thermal  Marangoni  convection  [5].  Moreover,  in  the  case  of  coexistence  of  thermal 
and  solutal  Marangoni  convection,  soluial  Marangoni  convection  was  found  to  be  dominant  in  the 
surface  flow,  and  the  flow  direction  could  be  opposite  to  that  without  solutal  convection  [6], 

Also,  we  carried  out  parabolic  flight  experiments  and  found  that  Marangoni  convection  is 
dominant  in  the  surface  flow  in  case  both  buoyancy  convection  and  Marangoni  convection  coexist 
[6].  From  these  results,  we  demonstrated  that  Marangoni  convection,  especially  solutal 
Marangoni  convection,  is  significant  in  a  rectangular  boat  such  as  that  used  in  the  HB  method.  As 
one  effect  of  Marangoni  convection  on  the  grown  crystals,  the  change  of  C-M  interface  .shape  is 
often  discus.sed.  The  deviation  of  the  C-M  interface  .shape  from  a  planar  one  is  a  major  problem 
because  it  is  assumed  to  lower  the  quality  of  the  grown  crystals.  Using  the  HB  method,  Lan  et  al. 
clarified  numerically  [7]  and  experimentally  [8]  that  the  effect  of  Marangoni  convection  on  C-M 
interface  shape  is  significant. 

In  this  .study,  we  performed  InSb  crystal  growth  experiments  by  the  HB  method  to 
investigate  the  effects  of  thermal  and  solutal  Marangoni  convection  on  C-M  interface  shape.  We 
varied  the  composition  of  the  In-Sb  binary  system  to  induce  .solutal  Marangoni  convection 
intentionally  in  addition  to  thermal  Marangoni  convection.  Ba.scd  on  the  results,  we  sugge.sted  a 
simple  way  of  controlling  C-M  interface  shape. 

EXPERIMENT 
Concept  of  experiment 


First,  we  discuss  the  interaction  between  thermal  and  solutal  Marangoni  convection.  As 
described  in  the  Introduction,  Marangoni  convection  is  induced  by  surface  tension  difference  due 
to  the  difference  of  temperature  or  concentration  on  a  free  surface.  In  our  previous  study  [6],  it 
was  clarified  that  the  flow  pattern  of  Marangoni  convection  could  be  divided  into  three  cases  as 
follows.  Here,  x  denotes  the  composition  of  Sb  in  the  In-Sb  binary  system  (In,.xSbO. 

(a)  Normal  ca.se  (x=0.5) 

In  this  case,  there  is  no  concentration  difference  in  the  melt.  Flow  of  thermal  Marangoni 
convection  is  induced  in  the  direction  shown  in  figure  1(a).  This  is  because  surface  tension  anear 
the  C-M  interface  is  larger  than  that  at  the  bulk  of  the  melt. 

(b)  Acceleration  case  (()<x<0.5) 

Thermal  Marangoni  convection  is  induced  in  the  same  direction  as  (a).Whcn  crystal  growth 
proceeds,  concentration  of  Indium  C|„  near  the  C-M  interface  becomes  higher  than  that  at  the  bulk 
of  the  melt.  Because  it  is  known  that  is  larger  than  Osh,  surface  tension  near  the  C-M  interface 
is  larger  than  that  at  the  bulk  of  the  melt.  This  causes  solutal  Marangoni  convection.  Therefore, 
the  flow  direction  of  solutal  convection  is  the  same  as  that  of  thermal  Marangoni  convection. 

(c)  Deceleration  ca.se  (0.5<x<0.68) 

On  the  other  hand,  because  C|„  near  the  C-M  interface  becomes  lower  than  that  at  the  bulk  of 
the  melt,  surface  tension  at  the  bulk  of  the  melt  becomes  larger  than  that  near  the  C-M  interface. 
Therefore,  the  flow  of  .solutal  Marangoni  convection  is  induced  in  the  direction  opposite  to  that  of 
thermal  Marangoni  convection.  Because  it  was  clear  that  solutal  Marangoni  convection  is 
stronger  than  thermal  Marangoni  convection  [5],  the  flow  direction  becomes  opposite  to  that 
without  considering  solutal  Marangoni  convection. 
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(a)  Normal  case 
(x=0.5) 


cold  4 - ^  hot 

(b)  Acceleration  case 
(0<x<0.5) 


(c)  Deceleration  case 
(0.5<x<0.68) 


:  Thermal  Marangoni  convection 
<  I  :  Solutal  Marangoni  convection 

Figure  1.  Flow  pattern  by  interaction  between  thermal  and  solutal  Marangoni  convection 

Experimental  procedure 

To  avoid  contamination  and  formation  of  metal  oxide  film  on  the  free  surface  of  the  melt, 
speeial  precautions  were  taken.  In  preparing  the  test  sample,  Ini-xSbx,  In  and  Sb  (5N, 
manufactured  by  Dowa  Mining)  were  mixed  at  the  desired  ratio,  and  the  mixture  was  dissolved 
and  quenched  in  an  oxygen  reducing  atmosphere  (Ar97%+H23%).  Then,  chemical  etching  of  the 
test  sample  was  carried  out.  Moreover,  a  carbon  crucible  was  baked  for  degassing.  Figure  2 
shows  the  cross  section  of  the  carbon  crucible.  The  test  sample  was  set  in  the  reservoir  tank,  and 
InSb,  which  has  a  length  of  approximately  10mm,  was  also  set  at  the  cold  side  of  the  observation 
part  as  a  seed  crystal.  After  heating  the  crucible  and  the  reservoir  tank,  the  melted  sample  flowed 
into  the  observation  part  through  a  small  hole  and  contacted  with  the  seed  crystal.  The  small  hole 
prevents  efflux  of  the  remaining  metal  oxides  in  the  sample.  The  experimental  system  is  shown  in 
figure  3.  The  temperatures  of  the  hot  side,  Th,  the  cold  side,  Tc,  and  the  middle  of  the  crucible, 

Tm  were  controlled  by  PID  temperature  controllers  and  power  controllers.  The  temperature 
difference  between  Th  and  Tc,  and  cooling  rates  of  Th,  Tm,  and  Tc  were  kept  constant  as  shown 
in  table  1 .  To  reduce  buoyancy  convection,  we  used  a  shallow  crucible.  The  length,  width  and 
depth  of  the  cavity  of  the  crucible  were  48,  10,  and  5  mm,  respectively.  The  test  sample  was 
solidified  unidirectionally  in  the  crucible.  C-M  interface  shape  was  observed  by  means  of  a  3-CCD 
video  camera.  C-M  interface  shape  was  evaluated  in  terms  of  the  degree  of  concavity  (figure  4). 

I  ^  CCD  camera 


,  .  test  sample 

observation  part  ^ 


cooling  tin 

I  seed 

i  I 


thermocouple  •  - 


reservoir 

tank 


Ar-H23%  gas 
Vacuum  pump 


tf=f& 

Power  controllers 

Temperature  controllers 

:  1  insulator 
heater 


Figure  2.  Cross  section  of  the 
carbon  crucible 


— crystal  melt 
Figure  3.  Experimental  system 
growth  direction _  _ 


I  Concavity  =  ■ 


C-M  interface  shape 

Figure  4.  Top  view  of  C-M  interface  shape 


RESULTS  AND  DISCUSSION 


We  varied  the  control  parameters  such  as 
cooling  rate,  temperature  gradient,  and 
composition  of  In-Sb  in  the  experiments.  The 
experimental  conditions  are  shown  in  table  1 , 

Figure  5  shows  concavity  as  a  function  of 
Lc/L()  at  various  cooling  rates  with  the  same 
temperature  gradient  of  14.rC/cm.  Here,  Lc 
and  L<)  denote  the  length  of  the  crystal  during 
growth,  and  the  total  crystal  length  after 
growth,  respectively.  Concavity  increased  as 
the  growth  proceeded,  and  then  saturated  at 
an  Lc/U)  of  0.5.  Moreover,  the  C-M  interface 
concavity  obtained  after  the  growth  at  low  cooling  rates  was  larger  than  that  at  high  cooling  rates. 
This  is  because  long-term  exposure  to  thermal  Marangoni  convection  at  low  cooling  rates  resulted 
in  the  increase  of  the  erosion  of  the  C-M  interface.  Figure  6  shows  concavity  as  a  function  of 
temperature  gradient.  The  temperature  gradient  was  varied  from  8.4  to  14.rC  /cm  at  the  same 
cooling  rate  of-5°C/h.  The  concavity  was  found  to  depend  strongly  on  the  temperature  gradient. 
Although  in  figure  5,  the  concavity  under  the  temperature  gradient  of-5X/h  was  approximately 
0.55,  the  concavity  was  kept  0  at  8.4°C/cm  even  if  the  cooling  rate  was  -5^C/h  in  figure  6.  The 
low  temperature  gradient  indicates  that  thermal  Marangoni  convection  is  weak.  From  figures  5 
and  6,  there  seems  to  be  a  strong  correlation  between  driving  force  of  Marangoni  convection  and 
C-M  interface  shape. 


Table  1.  Experimental  conditions 


Run  No. 

Cooling  rate 
('’C/hl 

Temperature  gradient 
["C/cml 

Composition  x 
ol'lnl-xSbx 

1 

-5 

14.1 

0.5 

2 

-11.7 

14.1 

0.5 

3 

-16.7 

14.1 

0.5 

4 

-19.7 

14.1 

0.5 

5 

-5 

11.9 

0.5 

6 

-5 

8.4 

0.5 

7 

-16.7 

14.1 

0.4 

8 

-16.7 

14.1 

0.6 

Figure  5.  Concavity  as  a  function  of  Lc/Ui 
The  dashed  line  indicates  the  saturation 


point  of  an  Increase  of  concavity. 


Figure  6.  Concavity  as  a  function  of 
temperature  gradient 


In  order  to  confirm  this  correlation,  we  determined  Marangoni  number  (Ma)  from 
temperature  profiles  and  C-M  interface  position.  Ma  represents  the  driving  force  of  Marangoni 
convection.  Ma  is  defined  by  eq.(l). 

«i) 

Hv 
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In  our  previous  study  [9],  we  found  a  relationship  between  Ma,  Pr,  and  Re,  as  shown  in 

Re  =  0.28  •  {MaVv~'iy^  eq.(2) 

Here,  Re  (Reynolds  number)  and  Pr  (Prandtl  number)  represent  flow  state  of  fluids  and  heat 
transport  phenomena,  respectively.  Pr  is  defined  by  eq.(3). 

Pr  =  -  eq.(3) 

a 

From  eqs.(l),  (2),  and  (3),  we  were  able  to  estimate  Re.  After  estimation  of  Re,  we 
determined  Peclet  number  (Pe)  using  eq.(4). 

Pe  =  Pr-Re  eq.(4) 

Pe  indicates  whether  convection  or  conduction  dominates  the  heat  transport  phenomena. 
Therefore,  Pe  indicates  the  effect  of  Marangoni  convection  on  the  heat  transfer  through  the  C-M 
interface. 

Figure  7  shows  the  calculated  Pe  as  a  function  of  Lc/Lo.  Pe  decreased  gradually  as  growth 
proceeded  up  to  an  LcA-o  of  0.5,  and  then  abruptly  decreased  thereafter.  In  other  words,  the 
effect  of  thermal  Marangoni  convection  on  the  heat  transfer  decreased  abruptly  at  Lc/Lo  =0.5. 

This  value  agrees  with  the  saturation  point  of  the  increase  of  concavity  shown  in  figure  5.  From 
these  results,  it  was  clarified  that  concavity  is  mainly  due  to  Marangoni  convection. 

As  a  simple  way  to  keep  C-M  interface  planar,  we  suggest  that  the  Marangoni  convection  be 
restrained.  The  flow  direction  may  be  opposite  to  that  of  the  normal  case  in  the  presence  of 
solutal  Marangoni  convection,  as  reported  in  our  previous  study  [6].  Therefore,  we  varied  the 
composition  of  the  In-Sb  binary  system  to  induce  solutal  Marangoni  convection  intentionally  in 
addition  to  thermal  Marangoni  convection.  Figure  8  shows  the  concavity  as  a  function  of  Lc/Lo. 
Although  the  increase  of  concavity  in  the  case  of  x=0.4  was  larger  than  that  in  the  case  of  x=0.5, 
increase  in  the  case  of  x=0.6  was  much  smaller  than  that  in  the  case  of  x=0.5.  This  is  because  flow 
velocity  was  accelerated  in  the  case  of  x=0.4  and  decelerated  in  the  case  of  x=0.6.  Moreover,  we 
could  keep  the  C-M  interface  planar  in  the  case  of  x=0.6.  From  these  results,  we  found  that  we 
can  keep  a  planar  interface  by  inducing  solutal  Marangoni  convection  intentionally  in  the  direction 
opposite  to  that  of  thermal  Marangoni  convection. 


Figure  7.  Pe  as  a  function  of  Lc/Lo  Figure  8.  Concavity  as  a  function  of  Lc/Lo 
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CONCLUSIONS 


We  investigated  the  effect  of  thermal  and  solutal  Marangoni  convection  on  crystal-melt  (C- 
M)  interface  shape  in  the  In-Sb  binary  system  by  the  horizontal  Bridgman  (HB)  method.  The  C-M 
interface  concavity  strongly  depends  on  the  cooling  rate  and  the  temperature  gradient  under 
uniform  concentration  distribution  conditions  in  the  melt.  A  large  concavity  was  observed  at  low 
cooling  rates  and  high  temperature  gradient  conditions.  The  concavity  was  found  to  be  due  to 
thermal  Marangoni  convection,  taking  Peclet  number  into  account.  We  varied  the  composition  of 
the  In-Sb  binary  system  to  induce  solutal  Marangoni  convection  intentionally.  The  C-M  interface 
remained  planar  when  solutal  Marangoni  convection  occurred  in  the  direction  opposite  to  the 
thermal  one.  Therefore,  we  believe  that  the  utilization  of  solutal  Marangoni  convection  will  be  a 
new  technique  to  control  the  planarity  of  the  C-M  interface  in  the  HB  system.  From  these  results, 
it  was  clarified  that  Marangoni  convection  plays  a  significant  role  in  the  HB  crystal  growth 
system. 


NOMENCLATURE 

Cin  :  concentration  of  Indium  [at%] 

L)  :  total  length  of  crystal  [m] 

Lc  :  length  of  crystal  during  growth  [m] 
L,„  :  length  of  melt  [m] 

Ma  :  Marangoni  number  [-] 

Pe  :  Peclet  number  [-] 

Pr  :  Prandt!  number  [-] 

Re  :  Reynolds  number  [-] 

T  :  temperature  [°C] 

Tr  :  temperature  at  the  cold  side  [°C] 

Tn  :  temperature  at  the  hot  side  1®C] 

Tm  :  temperature  at  the  middle  of  the 

crucible  [°C] 

h  :  deviation  of  crystal-melt  interface  [m] 

d  ;  width  of  melt  [m] 


Greek 

A  T  :  temperature  difference  [K] 

(X  :  heat  diffusion  coefficient  [m“s  ‘] 

V  :  kinematic  viscosity  [mV*] 

|i  :  viscosity  [kgnV‘s'*J 

p  :  density  [kgnf''] 

a  :  surface  tension  fkgs'"] 

01,,  ;  surface  tension  of  Indium  [kgs  “] 

Osh  :  surface  tension  of  Antimony  [kgs'"] 
da/dJ  :  temperature  gradient  of 
surface  tension  [kgs'"K''] 
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Lasers 

S.V.  Ivanov,  V.A.  Kaygorodov,  V.A,  Solov’ev,  E.V.  Ivanov,  K.D.  Moiseev,  S.V.  Sorokin, 

B.Ya.  Meltzer,  A.N.  Semenov,  M.P.  Mikhailova,  Yu.P.  Yakovlev  and  P.S.  Kop’ev 

Ioffe  Physico-Technical  Institute  of  RAS,  Politekhnicheskaya  26,  St.  Petersburg  194021,  Russia 

ABSTRACT 

A  hybrid  double  heterostructure  with  large  asymmetric  band  offsets,  combining  AlAsSb/InAs 
(as  a  III-V  part)  and  CdMgSe/CdSe  (as  a  II-VI  part),  has  been  proposed  as  a  basic  element  of  a 
mid-infrared  laser  structure  design.  The  p-i-n  diode  structure  has  been  successfully  grown  by 
molecular  beam  epitaxy  (MBE)  and  exhibited  an  intense  long-wavelength  electroluminescence  at 
3. 12  pm  (300K).  A  II-VI  MBE  growth  initiation  with  a  thin  ZnTe  buffer  layer  prior  to  the 
CdMgSe  deposition  results  in  a  dramatic  reduction  of  defect  density  originating  at  the  II-VI/HI-V 
interface,  as  demonstrated  by  transmission  electron  microscopy.  A  less  than  1 0  times  reduction  of 
electroluminescence  intensity  from  77  to  300K  indicates  an  efficient  carrier  confinement  in  the 
InAs  active  layer  due  to  high  potential  barriers  in  conduction  and  valence  bands,  estimated  as 
AEr  =  1.28  eV  and  AEv  ~  1.6  eV.  An  increase  in  the  pumping  current  results  in  a  super-linear 
raising  the  EL  intensity.  The  type  of  band  line  up  at  the  coherent  InAs/Cdi..vMg.vSe  interface  is 
discussed  for  0<v<0.2,  using  experimental  data  and  theoretical  estimations  within  a  model-solid 
theory. 

INTRODUCTION 

Fabrication  of  room  temperature  cw  semiconductor  laser  diodes  for  the  3-5  pm  spectral 
range  is  still  a  big  challenge.  A  hole  leakage  from  an  active  region  of  pure  IIl-V  laser  structures 
due  to  the  particular  valence  band  line  up  of  InAs  usually  used  in  the  active  region  may  hamper 
the  achievement  of  a  low  threshold  current  and  a  high  output  power  [1]. 

To  solve  the  problem  of  efficient  hole  confinement  in  InAs,  taking  a  benefit  of  type  I  and  type 
II  band  alignment,  we  have  proposed  a  hybrid  III-V/II-VI  double  heterostructure  with  large 
asymmetric  band  offsets  in  conduction  (AlAsSb/InAs)  and  valence  (InAs/CdMgSe)  bands,  as  a 
basic  element  of  a  new  mid-IR  laser  structure  design  [2].  In  this  case  AlAsSb  and  CdMgSe  form  a 
strong  type  II  heterojunction,  while  InAs  layer  interfaces  are  of  type  I,  that  leads,  on  the  one  hand, 
to  high  optical  gain  and  quantum  efficiency  like  in  conventional  type  I  double  heterostructure 
lasers  and,  on  the  other  hand,  to  significant  suppression  of  both  electron  and  hole  leakage  from 
the  active  region.  The  important  feature  of  the  proposed  structure  that  it  can  be  grown 
pseudomorphical  as  a  whole  because  both  AlAsSb  and  CdMgSe  are  lattice-matched  to  the  InAs  at 
appropriate  ternary  alloy  compositions.  An  improvement  of  the  structural  quality  is  shown  to  be 
achieved  by  growing  a  thin  ZnTe  buffer  layer  at  the  III-V/II-VI  interface. 

EXPERIMENTAL  DETAILES 

The  III-V  part  of  the  hybrid  structures  was  grown  by  molecular  beam  epitaxy  (MBE)  in  a 
Riber  32  chamber  on  a  p'^^-InAs  (100)  substrate  at  temperature  Ts=480®C.  It  consists  of  a  0.1  pm 
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thick  p^-InAs:Be  buffer  layer,  a  1  pm  thick  p-AlGaAsSb:Si  layer  followed  by  a  20  nm  thick  p- 
AlAsSb:Si  barrier  and  an  undoped  0.6  pm-InAs  layer  (n  <  lO'"'  cm'^).  Thereafter,  the  III-V 
structure  was  transported  to  a  separate  II-VI  home-made  MBE  chamber  through  air  under  an  As 
cap  which  then  was  removed  by  annealing  the  sample  at  Ts  in  the  460-480°C  range.  A  reflection 
high-energy  electron  diffraction  (RHEED)  system  was  used  to  monitor  surface  conditions.  Due  to 
the  relatively  high  annealing  temperature  an  intermediate  (2x4)As&(4x2)In  surface  reconstruction 
has  been  usually  obtained.  Two  types  of  growth  initiation  procedure  at  the  III-V/II-VI 
heterointerfaces  were  used.  At  the  first  one,  a  10  nm  thick  CdMgSc  layer  was  grown  in  a 
migration  enhanced  epitaxy  (MEE)  mode  at  ~200°C  to  reduce  the  defects  density  on  the 
InAs/CdSe  interface  [3],  which  usually  resulted  in  a  streaky  RHEED  patterns.  The  deposition 
times  of  Cd  and  Mg  were  chosen  to  provide  desirable  alloy  composition.  At  the  other,  T,s=280°C 
was  kept  constant  from  the  very  beginning  of  II-VI  growth  which  was  initiated  with  a  deposition 
of  a  ~5  nm  thick  ZnTe  buffer  in  the  MBE  mode,  as  was  proposed  by  Grabs  et  al.  [4].  The  growth 
of  the  following  CdMgSe  structure  occurred  at  280°C  in  the  MBE  mode  under  the  C2xl)Se- 
stabilized  conditions.  It  consists  usually  of  50  nm  of  nominally  undoped  CdMgSe  followed  by 
0.3  pm  of  n-type  CdMgSe:CI  and  capped  with  10-nm-CdSe:Cl.  ZnCE  is  used  as  the  n-doping 
source  in  this  case.  The  electron  concentration  in  the  CdMgSe  is  of  4x10”  cm\  as  indicated  by 
C-V  measurements.  The  Mg  mole  fraction  in  the  layers  ranges  within  15-17%,  as  it  follows  from 
x-ray  diffraction  (XRD)  measurements  confirming  also  a  pseudomorphic  nature  of  the  II-VI 
layers,  although  the  Cd|.xMg,Se  composition  lattice-matched  to  In  As  corresponds  to  .v~0. 10. 

Previously,  photoluminescence  (PL)  studies  of  the  .structures  have  been  performed  over  a 
wide  spectral  range  at  77K,  using  single-grating  monochromators  and  different  excitation  sources 
for  different  spectral  regions  [5].  An  InGaAs  cw  laser  diode  emitting  at  950  nm  was  used  to  excite 
PL  in  the  III-V  part  of  the  structure  responsible  for  the  emission  in  the  infra-red  spectral  region, 
whereas  a  325  nm  line  of  a  cw  He-Cd  laser  was  used  to  excite  PL  from  the  CdMgSe  layer.  The 
bright  relatively  narrow  peaks  at  the  energies  of  0.4 1  eV  and  ~  2. 1  eV  attributed  to  the  near-band- 
edge  recombination  in  InAs  and  CdMgSe  layers,  respectively,  were  observed  in  the  PL  .spectra. 
The  estimation  of  Mg  content  in  the  CdMgSc  layer  from  the  respective  PL  peak  position  [6]  gives 
the  value  of -15%  that  corresponds  well  to  the  XRD  data. 

For  electrolumine.scence  (EL)  .studies  the  mesa  diodes  of  300  pm  diameter  with  a  50  pm 
round  contact  were  fabricated  using  a  standard  photolithography  and  deep  wet  chemical  etching. 

A  liquid  Ni-cooled  InSb  photodetector  and  a  lock-in  amplifier  were  used  for  light  detection.  EL 
.spectra  were  measured  both  under  quasi-cw  conditions  with  pulse  duration  of  x  =  2.5  ms  and 
filling  factor  of  1/2  and  in  a  pulsed  mode  with  pulse  duration  x  =  1-10  ps  and  a  repetition  rate 
f=10'-I0"Hz. 

RESULTS  AND  DISCUSSION 

Cross-sectional  transmission  electron  microscopy  (TEM)  images  of  the  hybrid  structures  with  the 
two  different  interface  types  are  presented  in  Fig.  1.  The  structure  with  the  InAs/CdSc  interface 
(Fig.  la)  exhibits  the  stacking  fault  (SF)  density  in  the  10^-10”  cm  “  range,  which  is  probably  due 
to  the  not  completely  optimized  initial  surface  reconstruction  of  InAs,  allowing  an  In-Se 
interaction  at  the  heterovalcnt  InAs/CdSc  interface  formation.  The  formation  enthalpy  of  In^Sc^ 
characterized  by  a  defect  sphalerite  structure  (-344  kJ/mole  [7])  is  even  smaller  than  that  of 
GaiSe.i,  making  the  probability  of  IniSe^  nucication  at  the  InA.s/CdSc  interface  very  high. 
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Figure  1.  Cross-sectional  dark-field  TEM  images  of  the  hybrid  structures:  (a)  with  CdSe/InAs 
interface  ( )  and  (b)  with  the  ZnTe  buffer  layer  at  the  III-VAI-VI  interface  ( if2oo  )•  Electron 
beam  is  parallel  to  the  [110]  direction. 

Lowering  the  temperature  of  As  cap  re-evaporation  or  growing  an  InAs  buffer  layer  in  a 
ultrahigh-vacuum-connected  III-V  MBE  chamber  is  expected  to  prevent  the  InAs  surface 
depletion  of  As,  that  should  suppress  the  In-Se  interaction.  Contrary  to  that,  the  SF  density  in  the 
structure  with  the  ZnTe  buffer  layer  (~5  nm),  as  illustrated  in  Fig.  lb,  is  at  least  two  orders  of 
magnitude  lower  (below  10^  cm’“),  which  is  obviously  explained  by  the  ZnTe  passivation  of  the 
InAs  surface  before  a  Cd(Mg)Se  growth. 

For  EL  studies  the  structures  without  the  ZnTe  buffer  layer  were  used.  Even  in  this  case  an 
intense  electroluminescence  has  been  observed  at  both  77  and  300K  (Fig  2a).  The  EL  spectrum  at 
77K  contains  a  single  emission  band  with  a  photon  energy  maximum  at  0.43  eV  and  a  FWHM 
value  of  40  meV.  The  emission  band  has  a  weakly  asymmetric  shape  with  the  abrupt  high-energy 
side.  The  room  temperature  EL  spectrum  contains  also  a  single  emission  band  with  a  photon 
energy  maximum  at  0.396  eV  and  FWHM  =  68  meV,  although  the  peak  has  a  reverse  asymmetry 
with  a  noticeable  low-energy  tail.  The  photon  energy  of  the  spontaneous  EL  slightly  exceeds  the 
InAs  peak  energy  observed  in  the  PL  spectra  perhaps  due  to  high  pumped  carrier  density. 

The  dependences  of  EL  intensity  on  a  drive  current  in  a  quasi-cw  and  pulse  modes  were 
studied  both  at  low  and  room  temperatures.  The  behavior  of  these  dependences  is  similar,  while 
more  intense  signal  is  achieved  in  a  quasi-cw  mode  (Fig.  2b).  The  intensity  of  spontaneous 
emission  at  77K  increased  superlinearly  with  the  drive  current  rising.  With  the  temperature 
increase  from  77  to  300K,  the  maximum  EL  intensity  decreases  just  by  7-10  times.  This  weaker 
temperature  dependence  of  the  spontaneous  emission,  as  compared  to  that  observed  in 
conventional  InAsSbP/InAs-based  laser  structures  [8],  evidences  higher  band  offsets  and  better 
hole  confinement  in  the  hybrid  structure. 


Figure  2.  (a)  EL  spectra  of  the  hybrid  structure  under  quasi-cw  conditions  at  77K  (solid  curve) 
and  300K  (dashed  curve),  (b)  The  EL  intensity  versus  drive  current  in  quasi-cw  mode  at  77K 
(solid  curve)  and  3(X)K  (dashed  curve). 

To  estimate  the  band-offsets  at  the  InAs/CdSc  interface  we  used  the  known  values  for  the 
CdSe-ZnSe,  ZnSe-GaAs,  GaAs-InAs  hetero-pairs  and  also  the  "model-solid  theory"  of  Van  de 
Walle  [9]  to  take  into  account  the  strain  effect.  As  a  result,  type  11  band  line-up  for  the  InAs/CdSe 
interface  has  been  obtained.  InAs  represents  a  ~60  meV  potential  barrier  for  electrons  at  the 
bottom  of  the  CdSe  conduction  band,  whereas  the  heavy  hole  band  offset  at  the  interface  is  as 
large  as  ~1.42  eV.  An  incorporation  of  a  large  enough  content  of  Mg  changes  the  situation  at  the 
InA.s/CdMgSe  interface  from  type  II  to  type  I.  Our  recent  experimental  studies  of  optical  band 
bowing  of  the  CdMgSe  alloys  as  well  as  of  the  valence-to-conduction  band  offsets  ratio  [6]  .shows 
the  conduction  band  offset  between  CdSe  and  Cd„,<,Mg,,,Se  alloy  lattice-matched  to  InAs  as  high 
as  150  meV,  which  results  in  the  type  I  band  alignment  at  the  InAs/Cd„,Mg,MSe  interface  with 
AEc~90  meV.  Moreover,  in  the  studied  structures,  with  the  Mg  content  in  the  CdMgSe  layer  of 
15-17%,  the  peak  energy  of  the  CdMgSe  PL  band  gives  the  CdSc/Cd„.K5Mg,u7Se  band  gap 
difference  about  350  meV,  This  leads  to  even  higher  band  offsets  as  compared  to  those  evaluated 
for  the  lattice-matched  structure.  Thus,  the  AlAsSb/InAs  hetero interface  with  the  well  known 
AEr=l  .28  eV  value  and  the  InAs/CdMgSe  hctcrointcrface  can  readily  prevent  the  electron  and 
hole  leakage  from  the  InAs  active  layer. 

To  elucidate  this  point,  comparative  EL  studies  of  the  hybrid  p-i-n  structures  with  and 
without  a  lOnm-CdSe  layer  grown  between  InAs  and  CdMgSe  layers  have  been  carried  out 
(samples  B  and  A,  respectively,  in  Fig.  3).  Sample  A  shows  the  bright  InAs  related  luminescence 
peak  shifting  to  higher  energies  with  increasing  the  pumping  current.  In  contrast,  sample  B 
exhibits  a  30  meV  low  energy  shift  of  EL  peak  with  respect  to  InAs  one.  Moreover,  one  can 
ob.serve  a  dramatic  decrea.se  in  the  EL  intensity  of  sample  B.  Taking  into  account  the.se  results,  we 
believe  that  in  the  latter  case  EL  is  defined  by  electron-hole  recombination  at  the  type  II 
InA.s/CdSe  heterojunction  containing  large  enough  density  of  non-radiative  recombination  defects, 
while  in  the  former  structures  EL  originates  at  the  high  quality  AlAsSb/lnAs  interface.  These 
conclusions  have  also  been  supported  by  Hall  measurements  of  the  electron  transport  along  the 
respective  interfaces,  reported  elsewhere  [5]. 
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Figure  3.  Schematic  band  diagram  (a)  and  electroluminescence  spectra  at  77  K  (b)  of  the  hybrid 
structures  with  (B)  and  without  (A)  CdSe  QW  adjusted  to  InAs. 

CONCLUSIONS 

A  double  p-i-n  heterostructures  with  high  asymmetric  band  offsets,  based  on  a  combination  of 
III-V  (AlAsSb/InAs)  and  II- VI  (CdMgSe/CdSe)  compounds,  have  been  proposed  for  mid-IR 
laser  applications  and  successfully  grown  by  MBE  on  InAs.  Intense  long-wavelength  EL  has  been 
observed  both  at  low  (77K)  and  room  temperature.  Weak  temperature  dependence  of  the 
spontaneous  emission  is  an  evidence  of  the  efficient  carrier  confinement  in  the  InAs  layer  due  to 
high  potential  barriers  in  conduction  (AEc  =  1.28  eV)  and  valence  (AEv  ~  1.6  eV)  bands.  A 
change  of  the  InAs/CdMgSe  band  alignment  from  type  11  to  type  I  with  the  Mg  content  increase 
has  been  predicted  and  experimentally  demonstrated.  Significant  lowering  of  the  stacking  fault 
density  (l^low  lO^cm'^)  has  been  achieved  in  the  structures  by  incorporation  of  ZnTe  buffer  layer 
at  the  InAs/CdMgSe  interface,  preventing  interaction  between  In  and  Se  atoms.  Laser  diodes 
based  on  the  hybrid  III-V/II-VI  double  heterostructures  are  expected  to  exhibit  a  lower  threshold 
current  and  higher  characteristic  temperature. 
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ABSTRACT 

Local  vibrational  modes  (LVMs)  of  carbon-hydrogen  (C-H)  complexes  in  proton 
implanted  AlGaN  grown  on  sapphire  by  metalorganic  chemical  vapor  deposition  (MOCVD) 
were  investigated  using  Fourier  transform  infrared  (FTIR)  spectroscopy.  The  LVMs  exhibit  five 
distinctive  peaks  in  the  spectral  region  of  2846~2963  cm  ',  which  are  due  to  the  symmetric  and 
asymmetric  stretching  modes  of  C-Hn  (n=l-3).  The  LVMs  intensities  in  doped  AlGaN  are 
increased  as  irradiation  dose  is  increased  in  the  entire  irradiation  dose  range  used  without 
reaching  the  saturation  stage.  On  the  other  hand,  undoped  samples  show  that  LVMs  intensity 
increase  then  either  decreased  or  saturated  as  the  irradiation  dose  is  increased  above  5x10  cm'  . 
Proton  irradiation  causes  a  drastic  increase  in  the  CH3  LVM  while  electron  irradiation  causes  the 
opposite  effect  suggesting  strongly  that  the  observed  LVMs  are  truly  due  to  CH  complexes. 

INTRODUCTION 

Optoelectronic  devices  based  on  Ill-nitrides  and  their  ternary  alloys  have  a  broad  range  of 
application  due  to  their  wide  direct  band-gaps  covering  the  spectral  range  from  visible  to 
ultraviolet.  GaN  has  unique  applications  in  blue,  green  and  ultraviolet-blue  light-emitting  diodes, 
detectors  and  laser  diodes  [1-4].  Ill-nitride  material  system  also  shows  tremendous  potential  in 
the  field  of  high-temperature  and  high-power  electronics  because  of  their  superior  materials 
parameters  [5].  Omnipresent  impurities  such  as  C,  H  and  O  play  detrimental  and  beneficial  roles 
in  fabrication  processes.  For  example,  hydrogen  can  passivate  the  acceptor  Mg  [6-8]  in  GaN. 
Flydrogen  can  be  easily  incorporated  into  Ill-nitride  during  or  after  the  growth  of  the  materials 
[8].  Therefore,  dopant  incorporation  remains  the  subject  of  various  investigations. 

Ion  irradiation  is  a  very  attractive  tool  for  several  steps  in  Ill-nitride  based  devices’ 
fabrication.  The  performance  of  devices  such  as  fast  switches  [9]  and  detector  [10]  has  been 
improved  by  subjecting  them  to  well-controlled  dose  of  particle  irradiation.  Compare  to  the 
understanding  of  ion  beam  process  in  mature  semiconductors  (i.e.  Si  and  GaAs),  the 
understanding  of  the  complex  ion  beam  process  in  Ill-nitrides  is  still  at  its  infancy.  Much  more 
work  is  essentially  needed  to  understand  the  irradiation  effect  on  Ill-nitride  material  and  device 
behaviors. 

LVMs  spectroscopy  is  a  powerful  tool  in  identifying  impurities  and  dopant  incorporation 
in  semiconductors.  LVMS  give  rise  to  sharp  peaks  in  JR  absorption  spectra.  With  this  method, 
one  can  identify  the  lattice  site  of  the  impurity  atoms  due  to  the  fact  that  LVMs  of  impurities  are 
sensitively  affected  by  the  atomic  structure  surrounding  the  dopant  or  impurity  atom  [11].  One 
typical  example  is  that  isotopic  composition  of  the  impurity  and  the  surrounding  atoms  results  in 
well-defined  shifts  in  the  vibrational  frequencies  [12-14]. 
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LVMs  of  C-H  complexes  in  a  series  of  undoped,  Si-doped,  and  Mg-doped  AlGaN 
samples  grown  on  sapphire  substrate  by  the  MOCVD  technique  have  been  investigated  by  using 
IMeV  proton  irradiation.  Five  distinctive  C-H  LVM  frequencies  were  observed  in  the  IR  spectra 
recorded  before  and  after  proton-irradiating  the  samples.  The  evolution  of  the  integrated  areas  of 
CH  LVMs  in  proton-irradiated  sample  is  presented  as  function  of  irradiation  dose. 


EXPERIMENT  DETAILS 

All  the  AlGaN  samples  used  here  were  grown  on  sapphire  with  AIN  buffer  layer  using 
the  MOCVD  technique.  Al  mole  fraction  ranges  from  20%  to  60%.  Infrared  absorbance 
measurements  were  performed  with  a  BOMEM  FTIR  spectrometer,  which  covers  the  spectral 
range  of  450-4500  cm  '.  A  KBr  beamsplitter,  a  globar  light  source,  and  a  liquid-helium-cooled 
Si-B  detector  in  conjunction  with  a  continuous  flow  cryostat  were  used.  A  special  sample  holder 
was  constructed  to  let  the  incident  light  from  the  spectrometer  reach  the  sample  at  the  Brewster’s 
angle.  This  configuration  proved  to  be  very  useful  to  avoid  the  interference  patterns  generated 
from  the  substrate  as  well  as  from  the  epitaxial  thin  film.  The  spectra  were  measured  at  both  300 
and  77  K.  The  samples  were  irradiated  with  IMeV  protons  and  each  sample  received  the 
following  sequential  doses  l.OxlO"’,  5.0x1 0"'  and  lO.OxlO"’  cm'^  Infrared  absorption 
measurements  were  performed  before  irradiation  and  after  each  of  the  above  irradiation  doses  to 
investigate  the  evolution  of  C-H  LVMs  spectra  and  their  integrate  areas. 

EXPERIMENTAL  RESULTS 


All  the  samples  tested  before  and  after  proton  irradiation  in  this  study  were  found  to 
contain  five  IR  peaks  in  the  .spectral  range  of  2846  —2963cm''.  Figure  1  shows  an  IR  spectrum 
for  undoped  AL.6Ga<),4N  sample  implanted  with  IMeV  proton  and  a  dose  of  IxlO'^cm'^.  This 
spectrum  can  be  resolved  into  five  peaks  at  2849,  2870,  2902,  2918  and  2960  cm  '.  Based  on  a 
comparKson  between  the  LVMs  measurement  in  GaN  and  calculated  C-H  frequencies  in  a-Si|. 
xCxi  H  [15-18],  we  a.scribe  these  five  peaks  to  symmetric  and  asymmetric  stretching  modes  of 
CHn  (n=l,2,3)  complexes  in  AlGaN,  The  absorption  peak  at  2848  cm  '  is  attributed  to  a 
stretching  mode  of  CH;  the  peaks  at  2904  and  2916  cm  '  arc  attributed  to  a  symmetric  and  an 
a.symmetric  .stretching  modes  of  CH.,  respectively;  and  the  peaks  at  2870  and  2960  cm  '  are 


Figure  /.  Infrared  absorption  spectrum 
measured  at  77K  for  a  proton  irradiated 
Ala,f,Ga()4N  sample.  The  IR  absorption 
peaks  are  resolved  into  five  peaks  at  2848, 
2870,  2904,  2916  and  2960  cm'‘ .  The  .solid 
line  is  the  actual  spectrum  while  the  dotted 
lines  are  Guassians  added  to  the  spectrum 
for  clarification. 
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attributed  to  symmetric  and  asymmetric  stretching  modes  of  CH3,  Table  1  summarizes  the  LVMs 
of  C-H  complexes  in  AlGaN,  GaN  and  a-Si|.xCx:  H.  From  all  the  spectra  of  AlGaN  samples 
tested  in  this  study,  it  was  noted  that  these  five  peak  frequencies  are  sample  dependent. 

Table  1.  LVMs  frequencies  of  C-Hn  in  AlGaN,  GaN:  Mg  and  a-Sii.xCxi  H,  The  AlGaN  sample 
was  irradiated  with  1  MeV  proton  and  a  dose  of  1  xlQ‘^cm~^.  The  unit  of  the  frequencies  is  cm''. 


Stretching 

Mode 

Measured 
frequencies 
in  AlGaN  “ 

Measured 
frequencies 
in  GaN 

Measured 
frequencies 
in  a-Sii.xCx:  H 

Calculated 
frequencies 
in  a-Sii.xCx:H 

CH 

2848  ±4 

2853  ±1 

2860 

2850 

CH2 

Asymmetric 

2916±6 

2923+1 

2890-2920 

2949 

CH2 

Symmetric 

2904  ±3 

2900+5 

2870-2880 

2902 

CH3 

Asymmetric 

2960  ±3 

2956  ±2 

2940-2960 

2950 

CH3 

Symmetric 

2870  ±3 

2870  ±5 

2870-2880 

2878 

^Present  work,  ’^Reference  15,  ‘Reference  16,  ^Reference  17,  ^Reference  18. 

The  LVMs  spectra  of  Al<).43Ga().57N:Mg  tested  before  and  after  proton  irradiation  were 
shown  in  Fig.  2.  Spectrum  (1)  was  obtained  from  the  as-grown  sample.  Spectrum  (2)  and  (3) 
were  obtained  for  this  sample  after  IMeV  proton  irradiation  over  doses  of  5x10^^  and  1  xlO^^  cm' 
respectively.  This  figure  shows  that  proton  implantation  gives  rise  to  much  more  significant 
intensities  variation  of  the  CH3  asymmetric  stretching  mode  than  that  of  other  modes.  All  the 
other  samples  tested  in  this  study  shows  similar  behavior.  The  evolution  of  the  LVMs  integrated 
areas  of  C-H  complexes  in  undoped.  Si-doped  and  Mg-doped  with  different  doses  of  proton 
irradiation  is  plotted  in  Fig.  3.  Line  1, 2  and  3  are  obtained  for  Alo.6Ga().4N,  Alo.43Gao.57N: Mg  and 
Alo.56Gao.44N:Si,  respectively.  The  LVMs  intensities  of  CH  complexes  are  increased  as  the 
irradiation  dose  is  increased  in  doped  samples  in  the  entire  irradiation  range  used  in  this  study 
and  hydrogen  atoms  seem  to  continue  to  form  CH  complexes  in  doped  samples  without  reaching 
the  saturation  stage.  While  the  LVMs  intensities  of  CH„  in  undoped  sample  were  increased  first 
and  then  start  to  decrease  as  the  proton  irradiation  dose  is  increased  above  SxlO'^cm'^. 


Figure  2.  LVMs  spectra  of  C-H„ 
measured  at  77K  for  a  Mg-doped  AlGaN 
sample.  Spectrum  (])  was  obtained  for  as- 
grown  sample.  Spectra  (2)  and  (3)  were 
obtained  after  proton  irradiation  with 
doses  of  5xl0‘^  and  lxl0‘^  cm'^, 
respectively. 
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Figure  3.  The  integrated  areas  of  C-H 
LVMs  in  undoped,  Si-doped  and  Mg-doped 
AlGaN  samples  plotted  as  a  function  of 
irradiation  dose. 


DISCUSSIONS 

Theoretical  studies  based  on  the  density  functional  approach  for  wurtzitc  [19-21]  and 
zinc-blende[7,  20]  lattices  have  indicated  that  the  dominant  charge  state  of  atomic  hydrogen  in 
interstitial  solution  in  GaN  is  or  H'  depending  upon  the  positions  of  the  Fermi  level,  with 
always  being  less  stable  [7,  19-21].  is  the  lowest  energy  state  in  p-type  GaN  and  H'  is  the 
lowest  state  in  n-type  GaN.  and  H'*,  on  the  other  hand,  are  found  to  be  much  more  mobile 
than  H',  These  studies  also  indicate  that  H  can  form  complex  by  binding  with  neutral  dopants 
such  as  acceptor  Mg  or  donor  Si  on  Ga  sublatticc  as  well  as  with  residual  impurities  such  as  C. 
Hydrogen  can  also  be  in  the  form  of  multi-atomic  hydrogen  related  centers  (H2,  C-H,,,  n=:l,2,3 
etc.).  Neutral  interstitial  molecular  H2  has  lower  formation  energy  than  all  three  atomic  states  and 
was  predicted  to  be  energetically  preferred  for  a  limited  range  of  Fermi  energies  near  the  middle 
of  the  bandgap.  Energetic  ion  irradiation  can  produce  gallium  (Vc,,)  and  nitrogen  (Vn)  vacancies 
and  interstitial  by  atomic  collisions.  The  energetic  H  will  initially  come  to  rest  at  sites  with  local 
energy  minima.  Depending  on  its  mobility,  H  will  either  remain  at  metastablc  sites  or  move  to 
lower  energy  sites  at  lattice  defects  or  dopants.  In  the  parallel  system  of  AlGaN,  we  assume  that 
hydrogen  states  have  the  same  behaviors. 

In  GaN,  C  most  likely  occupies  the  nitrogen  site.  The  C-H  complexes  formed  when 
hydrogen  passivates  substitutional  C  (Cn)  in  GaN.  Hydrogen  was  found  to  be  located  at  a  BC 
site  between  C  and  neighboring  Ga  atoms  as  is  the  case  for  GaAs  and  InAs  [22,23].  Experimental 
results  shows  that  the  CH„  LVMs  frequencies  in  AlGaN  are  similar  to  that  in  GaN,  This  proves 
C-H  complexes  in  AlGaN  has  atomic  configuration  similar  to  that  in  GaN.  The  slight  difference 
in  LVMs  frequencies  of  C-H„  in  AlGaN  and  GaN  is  expected.  It  is  due  to  the  fact  that  LVMs  are 
highly  .sensitively  to  the  surrounding  atomic  structures  since  A1  atoms  were  added  to  the  cry.stal, 
and  consequently  the  atomic  structure  around  C-H  complexes  in  AlGaN  is  different  from  that  of 
GaN.  Additionally,  we  observed  that  LVMs  frequencies  in  AlGaN  arc  sample  dependent.  This 
sample  dependency  could  be  explained  in  terms  of  the  presence  of  dislocations.  The  strains 
associated  with  dislocation  are  usually  sample  dependent  and  can  affect  the  LVMs  in  a  way  that 
their  frequencies  are  .sample  dependent. 

To  form  C-Hn  (n=l-3),  n  bonds  of  C-Ga  need  to  be  broken  for  hydrogen  to  be 
incorporated.  It  is  obviously  that  more  energy  is  needed  if  more  C-Ga  bonds  arc  broken. 
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Therefore,  after  the  proton  implantation,  the  possibility  to  form  C-H  is  much  larger  than  that  of 
forming  C-H2  and  C-H3,  however  we  observed  in  all  the  samples  tested  in  this  proton  irradiation 
study  that  the  concentration  of  C-H3  is  much  higher  than  that  of  C-H2  and  C-H.  This  leads  to  the 
assertion  that  hydrogen  prefers  to  form  C-H3  in  proton  irradiated  AlGaN.  A  possible  explanation 
for  this  behavior  is  that  there  is  a  substantial  number  of  Vca  in  the  vicinity  of  Cn*  This  is  quite 
possible  since  the  energetic  proton  bombardment  can  produce  Vca  by  atomic  collisions,  which  is 
a  good  background  to  form  C-Hn  for  n  >  1  before  Vca  is  annihilated. 

In  Fig.  3,  we  have  shown  the  total  integrated  areas  of  C-H  complexes  LVMs  as  a  function 
of  irradiation  dose  for  the  three  different  samples  (undoped,  Mg-doped  and  Si-doped).  The  LVM 
results  qualitatively  provide  useful  information  on  the  concentration  of  carbon  impurity  and  the 
C-H  complexes  formation  rate  with  proton  irradiation  dose.  For  different  samples,  it  is  obviously 
that  they  have  different  concentration  of  carbon  impurity.  For  example,  if  a  sample  contains  a 
large  concentration  of  C  and  by  adding  H  through  irradiation,  one  would  expect  to  observe  an 
increase  in  the  concentration  of  the  C-H  complexes.  This  is  demonstrated  in  Fig.  3.  In  particular, 
the  data  labeled  (2)  indicates  that  this  sample  contains  a  larger  carbon  concentration  as  compared 
to  the  other  two  samples.  For  undoped  and  Si-doped  samples,  the  carbon  concentration  seems  to 
be  much  lower  as  judged  by  the  formation  of  the  C-H  complexes.  The  reduction  of  the  total 
integrated  areas  in  these  two  samples  [data  labeled  (1)  and  (3)]  might  be  due  to  the 
decomposition  of  the  C-H  complexes  by  proton  irradiation.  This  process  is  quite  feasible  in 
samples  where  the  carbon  atoms  are  completely  compensated.  Hence,  excess  proton  irradiation 
will  cause  partial  dissociation  of  C-H  complexes.  For  the  Mg-doped  samples,  the  dominant 
charge  state  of  H  is  H""  which  is  a  faster  diffuser,  therefore,  part  of  the  H""  will  form  neutral 
complex  with  Mg  acceptor  and  part  of  H^  will  be  attracted  by  the  Cn  which  is  also  an  acceptor.  If 
a  Vca,  which  is  an  acceptor  with  negative  charge  state,  is  near  Cn,  it  may  enhances  the  chances  of 
forming  C-H  complexes  since  H^  prefer  to  attach  itself  to  dangling  bonds  available  at  the 
vacancy  site.  For  Si-doped  samples,  the  dominant  charge  state  of  H  is  H'  which  is  less  mobile 
compare  to  its  other  two  atomic  states.  The  formation  of  the  C-Hn  (n=  1,2,3)  complexes  by  the 
diffusion  of  H'  towards  substitutional  carbon  is  unlikely  in  n-type  AlGaN  since  both  are  ionized 
acceptors  whose  negative  charges  repel  one  another.  The  Vca  near  Cn  will  also  repel  H  .  For  the 
undoped  samples,  major  part  of  the  energetically  H  atoms  diffuse  and  combine  with  carbon  to 
form  C-H  complexes.  From  this  discussion,  it  is  clear  that  C-H  complexes  as  judged  from  the 
intensity  of  their  LVMs  are  formed  with  higher  rates  in  the  proton  irradiated  undoped  samples  as 

compared  the  Mg  and  Si-doped  samples. 


Figure  3  clearly  show  that  formation  rate  of 

Figure  4.  Local  vibrational  modes 
spectra  measured  for  two  samples  cut 
from  the  same  Alo.2Gao,8N  wafer.  The 
solid  line  is  the  spectrum  obtained  for 
both  samples  before  irradiation,  the 
dashed  line  represents  the  spectrum 
obtained  for  the  proton  irradiated  sample 
(dose-6xl0‘^\-m'^),  and  the  dotted  line 
represent  the  spectrum  obtained  for  the 
electron  irradiated  ( dose=  I  xl  0^  ^cm'^) 
sample. 


Wave  number  ( cm"' ) 
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C-H  complexes  in  the  Si-doped  sample  is  much  lower  than  that  in  updopcd  and  Mg-doped 
samples. 

To  illustrate  that  the  observed  LVMs  are  due  to  C-H  complexes,  we  cut  two  pieces  from 
an  AlojGao.sN  wafer  and  one  piece  was  irradiated  with  1  MeV  protons  and  the  other  one  was 
irradiated  with  IMcV  electrons  (dose  =  lxlO'\'m'^),  The  results  arc  shown  in  Fig.  4.  The  .solid 
line  is  the  spectrum  obtained  from  the  samples  before  irradiation,  the  dashed  line  is  the  spectrum 
obtained  for  the  proton-irradiated  sample,  and  the  dotted  line  is  the  spectrum  obtained  from  the 
electron  irradiated  sample.  It  is  clear  that  proton  irradiation  increases  the  formation  of  C-H 
complexes  as  judged  by  the  large  increa.se  in  the  .stretching  mode  frequency  of  the  CH3  complex. 
An  increase  of  the  stretching  mode  frequencies  for  CH2  and  CH  is  also  observed.  However,  the 
electron  irradiated  sample  shows  a  noticeable  decrease  in  the  CH3  stretching  mode.  This  clearly 
demonstrates  that  electron  irradiation  break  up  the  CH3  complex  in  good  agreement  with  others 
[24,25].  There  is  an  increase  of  the  CH2  and  CH  concentrations  in  the  electron  irradiated  sample 
as  seen  from  the  increa.se  in  the  area  under  the  LVMs  stretching  modes.  This  is  most  likely  due 
to  the  fact  that  CH3  is  decompo.sed  into  C,  H,  CH,  and  CH2.  This  behavior  is  observed  in  .several 
samples.  Additionally,  Hall  effect  measurements  show  a  slight  increase  in  the  carrier 
concentration  in  the  electron  irradiation  samples.  This  does  not  seems  to  be  universal  since  a  few 
samples  show  a  slight  decrea.se  in  the  carrier  concentration  after  electron  irradiation. 

CONCLUSION 

We  presented  the  local  vibrational  modes  spectra  of  C-H  complexes  in  proton  implanted 
AIGaN  grown  by  MOCVD  technique.  Five  distinctive  C-H  LVM  frequencies  were  ob.served 
around  2848,  2870,  2904,  2916  and  2960  cm*',  which  arc  slightly  different  from  those  observed 
in  GaN.  These  frequencies  are  related  to  stretching  symmetrical  and  asymmetrical  vibrational 
modes  of  CHn{n=l,2,3).  The  evolution  of  the  integrated  areas  of  CH  LVMs  in  proton  irradiated 
samples  is  presented  as  function  of  irradiation  dose.  In  the  Mg-doped  AIGaN  sample,  hydrogen 
atoms  (proton)  seem  to  continue  to  form  C-H  complexes  without  reaching  the  .saturation  .stage  in 
the  whole  irradiation  dose  used  in  this  .study.  This  may  be  due  to  the  fact  that  carbon  is  present 
with  a  high  concentration.  Si-doped  samples  on  the  other  hand  show  a  slight  increase  in  the  CH 
LVM  intensities  as  the  dose  is  increased.  While  proton  irradiation  causes  a  drastic  increa.se  in  the 
CH3  LVM,  electron  irradiation  causes  the  opposite  effect  suggesting  .strongly  that  the  ob.served 
LVMs  are  truly  due  to  CH  complexes. 
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ABSTRACT 

Amorphous  carbon  nitride  films  (a-CNx)  were  synthesized  by  using  single  ion 
beam  sputtering  of  a  graphite  target  in  argon  and  nitrogen  sputtering  gases.  This  thin 
film  could  be  used  as  a  novel  photovoltaic  material.  The  films  were  characterized  with 
the  technique  of  laser  Raman,  spectroscopic  ellipsometry  and  electron  spin  resonance 
spectrometer  (ESR).  In  this  paper  we  report  the  effects  of  ion  impacting  and 
nitrogenation  on  the  microstructure,  density  of  defect  states,  bonding  character, 
optical  and  photovoltaic  properties.  Effective  decreasing  of  intensity  of  the  ESR 
signal  and  formation  of  C-N  bonding  were  observed,  which  could  be  attributed  to  the 
increment  of  the  impinging  ions  on  the  growing  films.  The  nitrogenation  of  a-CNx 
films  could  decrease  the  Tauc  optical  gap  (0.62~0.86eV)  and  the  intensity  of  ESR 
signal,  increase  photon  absorption  coefficient  of  the  films  (10^-1 0'^cm'*). 

The  primary  photovoltaic  values  of  the  devices  having  Schottky  structure  of 
ITO/CNx/Al  are  fc  1 .56  U  A/cm^  and  Voc  250  mV,  respectively,  when  exposed  to 
AMI. 5  illumination  (  100m W/cm^,  25 °C). 

INTRODUCTION 

The  interest  in  carbon  nitride  thin  films  was  referred  to  the  theoretical  calculation 
of  its  possible  crystal  structure  ^  -C3N4in  1980s  [1,2].  This  crystalline  alloy  is 
claimed  in  the  ranking  of  hardest  materials.  Since  that  time,  many  efforts  have  carried 
out  to  synthesis  this  new  crystal  material  with  less  success  [3].  Actually,  the  carbon 
nitride  films  with  amorphous  structure  might  be  a  rather  promising  novel  electronic 
material  considering  its  electrical,  optical  properties  can  be  controlled  by  changing  the 
concentration  of  nitrogen  atoms  in  the  thin  films  or  by  choosing  different  deposition 
processes  [3,4].  This  new  material  possesses  some  peculiar  properties,  such  as 
negative  electron  affinity,  low  dielectric  constant  and  high  photoconductive  gain,  so  it 
could  be  used  on  field  emitting  displays,  interlayer  of  integration  circuits  and 
photovoltaic  devices  [5-7].  The  synthesis  of  carbon  nitride  films  can  be  achieved  with 
variety  techniques,  such  as  plasma  enhanced  CVD  [8,9],  unbalanced  magnetron 
sputtering  [10],  ion-beam  deposition  [1 1],  laser  ablation  and  FCVA  [12,13].  In  all  of 
these  processes,  the  ion  bombardment  during  the  deposition  is  one  of  the  most 
important  factors,  which  affects  the  bonding  structure,  electronic  and  optical 
properties  of  thin  films.  In  this  work,  the  films  we  studied  were  deposited  by  the 
method  of  single  ion  beam  sputtering  process  (SIBS).  We  mainly  studied  the  effects  of 
ion  bombardment  and  nitrogenation  processing  conditions  on  the  properties  of  the 
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amorphous  carbon  nitride  thin  films  for  photovoltaic  application.  We  adjusted  the 
amount  of  the  energetic  ions  bombarding  on  the  films,  and  successfully  controlled  the 
bonding  configuration  and  many  other  properties.  Some  protocol  Schottky  thin  film 
solar  cells  with  the  structure  of  ITO/a-CNx/Al  were  fabricated  in  order  to  investigate 
the  photoactive  property  of  the  a-CN,  thin  film  material. 

EXPERIMENTAL  DETAILS 

The  deposition  equipment  for  a-CNxthin  films  is  a  set  of  single  ion  beam 
sputtering  instrument  with  a  Kaufman  ion  source.  The  synthesizing  .system  also 
consists  of  a  diffusion  pump,  water-cooled  target  holder  and  substrate  holder.  The 
background  and  operating  pressure  in  the  vacuum  chamber  are  better  than  1X10"^  Pa 
and  3X10'^  Pa,  respectively.  A  high  purity  graphite  target  (99.95%)  was  used  as 
sputtering  target.  Nitrogen  with  high  purity  (99.999%)  was  used  for  both  sputtering 
ions  to  bombard  the  target  and  nitrogen  species  to  incorporate  with  carbon  ions  in  the 
films.  Nitrogen  gas  was  ionized  and  extracted  by  powerful  electrical  field  produced  by 
accelerating  grid  electrode.  An  energetic  ion  beam  was  formed,  which  provided  both 
sputtering  ions  and  reacting  nitrogen  precursors.  The  energy  and  current  intensity  of 
the  ions  coming  from  the  ion  beam  source  were  740c V  and  65mA/cml  The  substrate 
holder,  with  an  ion  beam  impact  angle  of  about  80  degrees,  between  ion  beam  and 
normal  line  of  substrate  surface,  consisted  of  a  water-cooled  copper  plate,  which  kept 
substrates  at  ambient  temperature  during  the  deposition.  We  use  two  kinds  of 
substrates:  quartz  sheets  coated  with  ITO  for  Schottky  solar  cell  processing  and 
polished  silicon  wafers  for  characterization  of  a-CN.,  thin  film. 

The  structure  of  carbon  nitride  thin  film  solar  cells  ITO/a-CNx/Al  was  described 
elsewhere  [14,15].  A  number  of  Schottky  .solar  cells  having  this  .structure  were 
produced  based  on  a  .set  of  depositing  conditions.  We  found  that  only  a  portion  of 
these  solar  cells  showed  a  testable  photovoltaic  performance.  We  tried  to  obtain  the 
correlation  between  the  process  condition  and  their  photoexcited  character  below. 

MEASUREMENT  AND  DISCUSSION 

In  order  to  recognize  this  new  material,  we  u.se  some  modern  probes  including 
laser  Raman,  ESR  and  .spectral  ellipsometry  for  characterization. 


In  variable  angle  spectral 
ellipsometry  (VASE) 
measurement,  we  can  change 
the  polarization  of  light  as  a 
function  of  angle  and 
wavelength  when  light  is 
reflected  from  or  transmitted 
through  a  sample.  The 
samples  used  for  .spectral 
ellip.sometry  test  were 


Spectral  ellipsometry  test 


Table  T  .Deposition  condition  and  te.st  results  for 
three  typical  samples. 


A 

B 

C 

Incident  angle  B  (degree) 

75 

85 

75 

N/{N+Ar)  pressure  rate 

0.5 

0.5 

1 

Dr  (nm) 

5.67 

0.11 

5.43 

DaCNx  (nm) 

l(X).7 

135.9 

120.1 

Tauc's  optical  band  gap  (eV) 

0.86 

0.74 

0.62 
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S 
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prepared  on  silicon  substrates.  The  optical  model  for  the  test  is  composed  of  three 
layers,  the  first  one  is  the  surface  roughness  whose  thickness  Dr  is  about  several 
nanometers,  the  second  is  a-CNx  layer  described  by  the  Lorentz  model  and  the  third  is 
the  Si02  substrate  whose  thickness  is  supposed  to  be  infinite.  The  experimental  results 
(including  the  concentration  of  nitrogen  gas  in  the  sputtering  gases  and  ion  impact 
angle  0  )  for  three  typical  samples  are  listed  in  table  I  .The  substrates  would  receive 
more  bombarding  ions  under  the  condition  of  smaller  ion  impact  angle  9  .  So  the  films 
we  get  have  a  larger  thickness  of  roughness  layer. 

The  spectra  for  the  complex  refractive  index  as  a  function  of  optical  wavelength 
for  the  three  typical  a-CNx  films  (A,  B,  C)  are  shown  in  figure  l.(a)  (b).  The  curves 

exhibit  a  smooth 
behavior,  which  is 
the  characteristic  of 
amorphous 
semiconductor[16]. 
The  values  of  n  (E) 
and  k  (E)  are  in  the 

waveienih  ™  rauges  1.6~2.2and 

Wavelenth  (nm) 


Figure  1.  Spectra  of  the  complex  refractive  index  of  the  o.KO.6,  respectively. 
a-CNx  films  for  three  typical  depositing  conditions  (a) 

Refractive  index  n  vs.  wavelength  (b)  Extinction  coefficient  , 

®  ^  wavelength  region, 

k  vs.  wavelength  ^  ,,  . 

for  small  impact 

angle  0  ,  we  observed  higher  values  of  n  and  lower  values  of  k,  as  in  Fig.l(a,  b).  The 
sample  (A)  shows  lower  extinction  coefficient  than  the  samples  (B)  and  (C).  This  can 
be  attributed  to  a  relative  low  concentration  of  nitrogen  in  the  sputtering  gases  and  a 
smaller  incident  angle  of  the  ion  beam,  which  correlates  with  a  trend  toward  better 
diamond-like  properties.  A  higher  concentration  of  nitrogen  in  the  sputtering  gases 
corresponds  to  a  higher  k  as  shown  in  Fig.  1(b). 

Figure  2  shows  the  variation  of  optical 
absorption  coefficient  a  as  a  function  of  the  optical 
wavelength,  which  was  obtained  from  ellipsometry 
test  results.  We  find  that  the  absorption  coefficient 
in  the  region  500nm  -llOOnm  is  about  lx 
10^~2xl0Vm'',  which  is  higher  than  that  of  a-Si:H 
thin  films  and  arises  from  transitions  between 
localized  states. 


200  300  400  500  600  700  80C 

Wavelength  (nm) 


SOO  1000  1100 


Figure  2.  Variation  of  optical 
absorption  with  photon 
wavelength 


We  obtain  the  optical  gap  Eo  defined  by  the 
formula  ( 1 )  from  the  curves  of  the  £  x  f  2'^  versus 


photon  energy  E ,  shown  in  Fig. 3.  Deviations  of 
the  data  from  linearity  at  low  energies  arise  from  transitions  in  exponential  band  tails 
below  the  absorption  edge  and  are  characteristic  of  amorphous  semiconductors. 
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(1) 


a)~£,{(t))=  B{h(o- 

By  extrapolating  the  liner  parts  to  the  energy  axis,  the  values  so  obtained  arc  in 

the  range  0.62  ~  0.86f'V  ,  which  depends  on 
the  different  depositing  conditions.  Sample  A, 
deposited  with  a  lower  nitrogen  concentration  in 
working  gases  and  lower  ion  impact  angle, 
posses.ses  a  higher  optical  gap  0.86eV  .  Sample 
C,  with  a  high  concentration  of  nitrogen  in 
working  gas,  shows  a  relatively  smaller  optical 
gap  0.62eV  . 

Energy  (eV) 

Raman  test 

Figure  3.  Tauc-plots  for  Raman  spectroscopy  is  a  non-destructive 

determining  the  optical  band  method  for  measuring  the  bonding  .structure  of 

gap  of  three  .samples  A,  B,  C  materials.  Usually,  the  sp^  contribution  is  always 

dominant  in  a  Raman  spectrum  because  the  .sp^ 
bonding  is  more  sensitive  to  visible  laser  light.  Therefore,  the  Raman  spectra  are 
dominated  by  G  peak  at  about  1580  cm"'  and  D  peak  around  about  1350  cm  '.  A.C. 
Ferrari  and  J.  Robert.son  once  made  a  full  interpretation  of  Raman  spectra  for 
amorphous  and  graphic  carbon  films  [17].  In  our  work,  Raman  spectra  of  our  carbon 
nitride  films  were  obtained  using  Dilor  Raman  spectrometer  (Ne-He  laser,  excitation 
wavelength  633  nm).  Spectra  were  recorded  from  wavenumbers  800cm  '  to  1800  cm  * 
shown  in  Fig,  4.  The  950  cm  *  peak  arises  from  the  silicon  .substrate  [18]. 

The  conclusion  of  peak  fitting  with  gaussian 
functions  explicitly  shows  three  peaks  situated 
at  the  centers  of  about  1370  cm  *,  1570  cm  *  and 
1240cm  *,  as  seen  in  Fig. 5  (deconvoluted 
spectra  of  sample  A  and  B  arc  not  given  here). 
The  first  two  are  definitely  contributed  from 
D-band  (di.sordered  band)  and  G-band  (graphite 
band),  respectively,  which  is  the  same  as  the 
previous  research  report  on  amorphous  carbon. 

Figure  4,  Raman  spectra  of  Here,  the  1240cm  *  peaks  are  designated  the  N 
amorphous  carbon  nitride  thin  origin  of  1 240cm'*  peak  is 

films,  D-band  and  G-band  are  postulated  to  be  due  to  C-N  stretching  bonding 
located  at  about  1350  cm  reference  [19]  mentioned, 

and  1580  cm  ',  respectively  ThcC=N  peak  in  the  Ref.  [18]  should 

located  at  ~1450  cm'*  which  was  not  recognized 
in  our  deconvoluted  spectra.  The  position  of  N  band  peak  was  considered  to  .shift  to 
lower  wave  numbers  in  our  sample  C.  The  relative  intensity  of  D  and  G  peaks  (Id/Ig) 
can  be  taken  to  indicate  relative  spVsp^  ratio  indirectly,  also  the  relative  intensity  of  N 
and  G  peaks  (In/Ig)  was  supposed  to  show  the  nitrogen  relative  concentration  in  the 
films  qualitatively.  The  conclusion  was  listed  in  table  11 . 
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ESR  signal  intensit}'  (  a.  u. )  Counts  (sec’) 


The  tendency  of  variation  of  the  G  position  with  the 
amount  of  bombarding  ions  received  by  substrates  was 
coincident  with  the  results  discussed  in  reference  [16]. 
Comparing  sample  A  with  C  and  B,  we  could  get  that  the 
nitrogenation  and  ion  bombarding  initiate  a  red  shift  of  the  G 
band  position.  A  higher  rate  of  Id/Ig  corresponds  to  a  lower 
ratio  of  spVsp“,  which  was  reported  in  the  paper  [16]  and 
many  other  literatures  [18].  The  function  of  ion  striking  the 


Figure  5.  Deconvoluted 
spectra  of  samp]e  C 
thin  film  surface  is  to  remove 
weak  and  unstable  bonds.  As  the 
ion  bombarding,  CN  trip-bond  is  removed  easily,  C=N  is  partially  removed  and  C-N  is  preserved. 


Table  n  .Deposition  condition  and  Raman  test 
results  for  three  typical  samples. 


This  result  is  consistent  with  the 
known  stability  of  the  bond 
structure  of  carbon  and  nitrogen 
[20],  It  also  lowers  the  rate  of  Ir/Ig, 
however,  nitrogenation  can 
promote  the  rate  of  IdAg- 
Therefore,  the  spVsp^  ratio  of  the 
sample  A  is  higher  than  that  of  the 
other  two.  The  relative  nitrogen 
concentration  in  the  film  C  is 
highest  among  the  three  samples.  Its  atomic  percentage  of  nitrogen  is  16  %  tested  by  XPS 
techniques  in  the  Ref.[15],  which  have  been  shown  in  our  previous  work  [15]. 

The  sample  C  has  another  apparent  difference  compared  with  A  and  B.  It  has  much 
lower  N  band  position  1228cm'\  while  that  of  sample  A  and  B  are  1251  cm*'  and 
1261  cm*'. 


A 

B 

C 

Incident  angle  6  (degree) 

75 

85 

75 

N/(N+Ar)  pressure  rate 

0.5 

0.5 

1 

G  band  (cm'*) 

1575 

1568 

1566 

D  band  (cm  *) 

1370 

1371 

1374 

N  band  (cm**) 

1251 

1261 

1228 

Iu/Ig 

1.04 

1.06 

1. 10 

In/Ig 

0.66 

0.60 

0.69 

PV  performance  of  Schottky 
solar  cells 

Poor 

Poor 

Good 

Electron  Spin  Resonance  spectra  and  photovoltaic  property 

In  order  to  compare  unpaired  electron  densities 
of  different  samples,  we  measure  the  ESR  spectra 
by  using  a  conventional  Bruker  electron  spin 
resonance  spectrometer  (ER200D-ESR  X-band, 
Modulator  frequency  lOOkHz).  ESR  measurements 
were  made  at  room  temperature.  The  g  values 
obtained  from  the  ESR  spectra  of  all  samples  were 
found  to  be  about  2.0006  and  peak-to-peak  width 
was  found  to  lie  in  a  wide  range  5~12G  as  shown 
in  Fig.  6.  Sample  C  had  a  lowest  relative  electron 
spin  density  and  a  trongest  photovoltaic  signal 
among  all  samples.  Ion  bombarding  and 
nitrogenation  have  a  diminution  function,  or 
passivation  effect,  to  the  defect  states,  which 


3476  3481  3486  3491  3496  3501  3506 

Maenetic  field  (  eauss  ) 


Figure  6.  Electronic  spin 
resonance  spectrum  of  a-CNx 
sample  C.  Sample  A  and  B  has 
much  more  intensive  ESR  signal 
than  sample  C 
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usually  exist  in  amorphous  materials.  The  Schottky  junction  made  from  sample  C 
exhibited  open  circuit  voltage  250mV  and  short  circuit  current  1.56  u  A/cml 

CONCLUSION 

Ion  impacting  to  the  films  and  nitrogenation  during  deposition  play  key  roles  on 
the  properties  of  photovoltaic  application  orientated  amorphous  carbon  nitride  films. 
They  could  effectively  dccrea.se  electron  spin  resonance  density,  promote  the 
photo-activity.  They  could  increase  the  C-N  bonding  which  could  be  accountable  for 
the  photoactive  character  of  the  films.  Ion  impinging  can  incrca.se  optical  band  gap, 
decrease  photon  absorption  while  nitrogenation  has  an  opposite  effect.  How  to  retain 
their  advantages  and  diminish  their  negative  function  to  meet  the  photovoltaic 
requirement  is  a  task  for  the  future  work. 
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ABSTRACT 

We  study  doping  profiles  in  selectively  Si-doped  GaAs  layers  grown  by  the  conformal 
method.  This  growth  technique  allows  to  obtain  GaAs/Si  with  optoelectronic  quality.  The 
samples  are  laterally  grown,  and  selective  doping  with  Si  is  carried  out  in  such  a  way  that  doped 
stripes  are  intercalated  with  undoped  ones.  The  study  of  the  doping  profiles  was  carried  out  by 
cathodoluminescence  (CL)  and  micro-Raman  (pR)  spectroscopy.  Abrupt  doping  profiles 
between  doped  and  undoped  stripes  were  demonstrated  by  monochromatic  CL  images.  Deep 
level  related  CL  bands  can  be  observed  between  1000  and  1400  nm,  evidencing  the  complex 
mechanism  for  Si  incorporation  at  the  growth  temperature  (730  °C).  Net  doping  concentrations 
and  mobilities  across  the  layers  were  determined  from  the  analysis  of  the  phonon-plasmon 
coupled  modes  in  the  pR  spectra  obtained  with  a  lateral  resolution  better  than  1  pm. 

INTRODUCTION 

Matching  gallium  arsenide  to  silicon,  which  currently  shows  up  in  special  applications,  that 
combine  the  low-cost  robustness  of  silicon  with  the  higher  optoelectronic  performance  of  the 
gallium  arsenide,  has  been  a  technological  goal  for  many  years  [1-5  ].  For  example,  this 
development  could  permit  the  integration  of  optical  components  like  solid  state  lasers  with  the 
conventional  electronic  devices  in  the  same  chip,  enabling  on-chip  and  chip-to-chip  optical 
interconnects;  the  design  of  new  wireless  devices,  like  radar  systems  that  would  help 
automobiles  avoid  collisions,  and  new  semiconductor-based  lighting  systems.  However,  the 
obtention  of  defect  free  epilayers  is  subjected  to  some  problems  because  of  the  large  lattice  (4%) 
and  thermal  (55%)  mismatches  between  Si  and  GaAs,  as  well  as  the  difficulties  of  growing  a 
polar  semiconductor  on  a  non-polar  one.  Nowadays,  important  achievements  were  got  using 
different  deposition  techniques  and  treatments  (annealing[2],  buffering  layers  in  vertical 
growth[3],  or  passivating  layers  in  lateral  growth[4]).  In  spite  of  this,  the  density  of  crystal 
defects  remains  high  enough  to  render  unsuitable  these  layers  for  reliable  optoelectronic 
applications.  Pribat  el  al.  [5,6]  proposed  an  effective  method  to  produce  GaAs  layers  on  Si 
substrates  that  consists  of  a  lateral  epitaxial  growth  on  the  sidewall  of  a  GaAs  seed  stripe 
previously  deposited  on  a  Si  substrate. 

We  present  in  this  paper  the  study  of  doping  profiles  in  selectively  Si-doped  GaAs  layers 
grown  by  the  conformal  method,  using  optical  techniques.  The  carried  out  measurements 
evidence  the  complex  mechanism  of  Si  incorporation  in  the  GaAs  layers. 
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EXPERIMENTAL  DETAILS 


The  conformal  GaAs  layers  were  prepared  according  to  the  procedure  previously  described 
[5],  on  2°  misoricnted  (001)  silicon  substrates.  First,  0.7-1. 5  pm  thick  GaAs  layers  were  grown 
by  MOVPE,  These  sacrificial  layers  usually  exhibit  dislocation  densities  above  lO”  cm  ^  Then, 
the  GaAs  layer  is  covered  by  a  dielectric  capping  layer,  in  which  either  <1 10>  or  <1 1 0>  oriented 
GaAs  stripes  are  periodically  opened  ( 10  pm  wide  every  200  pm).  The  GaAs  layer  is  then 
selectively  underetched  using  an  H2S0.4/H202/H20  solution,  so  as  to  obtain  125  pm  wide  GaAs 
seed  stripes.  Conformal  growth  is  then  carried  out  by  selective  hydride  vapor  phase  epitaxy  using 
gaseous  GaCl  and  As4  for  the  growth  of  GaAs  and  timely  adding  SiH4  for  the  growth  of  doped 
layers  intercalated  with  the  undoped  ones,  .see  figure  1.  The  first  layer  consists  of  undoped  GaAs 
whose  growth  is  initiated  on  the  lateral  sidewalls  of  the  GaAs  seed  stripes  and  develops  laterally 
inside  the  cavity  formed  in  between  the  oxidized  silicon  substrate  and  the  overhanging  dielectric 
capping  layer.  When  this  layer  is  about  3  pm  width,  silane  is  pushed  into  the  reaction  chamber  to 
introduce  the  Si  dopant  in  the  GaAs  film.  This  is  maintained  so  up  to  growth  a  3  pm  wide  doped 
stripe.  Thereafter,  the  steps  arc  repeated  to  produce  up  to  7  stripes  at  the  growth  temperature  of 
730  °C. 

One  has  to  note  that  the  conformal  growth  allows  for  an  independent  control  of  the  vertical 
and  lateral  extensions  of  the  GaAs  film,  as  the  vertical  one  is  settled  by  the  thickness  of  the  GaAs 
sacrificial  layer.  The  60°  type  threading  dislocations  initially  present  in  the  sacrificial  layer 
cannot  propagate  far  through  the  conformal  GaAs  growing  layer  as  they  arc  blocked  by  cither  the 
capping  layer  or  the  .substrate  itself.  This  constitutes  an  efficient  geometrical  dislocation  filter  as 
shown  in  figure  1.  The  thin  Si02  layer  formed  from  the  oxidation  of  the  Si  substrate  during  the 
underetching  step  was  not  removed  before  the  conformal  growth  step. 

The  optical  and  transport  properties  of  the  samples  were  studied  by  cathodoluminescence 
(CL)  and  micro-Raman  (pR)  spectroscopy.  The  CL  measurements  were  done  in  a  scanning 
electron  microscope  (SEM)  using  an  Oxford  mono-CL2  system  and  were  carried  out  at  liquid- 
nitrogen  temperature.  The  Raman  spectra  were  recorded  using  a  DILOR  spectrometer  with  a 
liquid-nitrogen-cooled  charge  coupled  device  (CCD)  detector,  attached  to  a  mctallographic 
microscope.  The  scattered  light  is  collected  by  the  microscope  objective  conforming  a  nearly 
backscattering  geometry.  The  Raman  .spectra  were  taken  at  room  temperature.  The  frequencies 
and  hnewidths  of  the  longitudinal  optic  (LO)  phonon  and  LO  phonon-plasmon  coupled  (LOPC) 
modes  were  determined  by  fitting  with  an  spectral  accuracy  of  approximately  0.1  cm  '.  The 
spectra  were  calibrated  using  a  plasma  line  of  the  laser. 


GaCl  +  As4  (+  SiH4  for  doped  stripes) 


Si  (001) 

dislocation  blocking 
area 


Figure  1.  Schematic  view  of  the  conformal  growth  process  showing  the  formation  of  the 
different  doped  and  undoped  stripes  and  the  dislocation  blocking  mechanism. 
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DISCUSSION 


Raman  spectra 

The  Raman  spectra  of  the  GaAs  conformal  stripes  excited  under  non-resonant  conditions 
with  the  514,5  Ar^-laser  line  in  the  backscattering  geometry  shows  the  LO-phonon  mode  and  the 
forbidden  by  symmetry  selection  rules  TO  mode.  The  appearance  of  the  TO  mode  is  possibly 
due  to  the  misalignment  from  the  true  backscattering  geometry.  The  n-doped  stripes,  shows  the 
coupled  LO  phonon-plasmon  modes  L+  and  L_  with  frequencies  04  and  co  ,  respectively;  the 
uncoupled  LO  phonon  mode  from  the  depletion  layer  and  the  second-order  phonon  spectrum  in 
some  cases  overlapping  the  relatively  broad  L+  mode. 

Figure  2  shows  the  typical  spectra  obtained  from  an  undoped  GaAs  stripe  (figure  2a)  and 
from  an  n-type  doped  GaAs  stripe  (figure  2b).  The  structure  near  the  LO  peak  is  related  to  the 
second-order  phonon  bands  TO-i-TA(X,K)  associated  with  different  crystal  perfections  [7].  In  n- 
GaAs  the  position  of  the  L+  mode  strongly  depends  on  the  charge  carrier  concentration  and  can 
be  used  for  its  calculation.  The  LO  phonon  peak  intensity  decreases  with  the  carrier 
concentration  due  to  the  decrease  of  the  depletion  layer.  The  determination  of  the  frequency  of 
the  LOPC  mode  is  sometimes  complicated  by  the  strong  damping  of  the  high-energy  L+  mode 
and  its  superposition  with  the  second-order  phonon  spectrum,  specially  the  2LO(r),  2TO(r)  and 
2TO(X,K)  peaks.  To  overcome  this  problem  and  avoid  confusions  with  possible  LOPC  peaks, 
the  second-order  phonon  spectrum  was  substracted  from  the  spectra.  In  this  case,  the  carrier 
concentration  can  be  calculated  using  the  known  relation  for  the  low  (L_ )  and  high  (L+) 
frequency  branches  obtained  by  solving  the  system  dielectric  function  6(0))  =  0  longitudinal 
modes  for  n-type  doping  [8]: 
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Figure  2.  Typical  Raman  spectra  obtained  from  (a)  an  undoped  GaAs  stripe  and  (b)  an  n-type 
doped  GaAs  stripe  of  the  conformal  layer  formed  with  7  different  intercalated  stripes. 
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and  the  expression:  q)^  =  ne^|e^^m*  for  the  plasmon  frequency,  where  ox^,  oi,  OJt.o,  and  OJf, 
are  the  frequencies  of  the  high  and  low  LOPC  branches,  LO  and  TO  phonon  modes  and  the 
plasmon  respectively.  Using  m*  =  0.0632ma  and  £=  10.6  for  GaAs,  the  following  expression  can 
be  obtained  for  calculating  the  carrier  concentration: 

n  =  7.49  X 10'“  0)1  [rm"’  J  (2) 

Here  O)^  is  given  In  cm  '. 

The  calculated  carrier  concentration  for  our  Si-doped  GaAs  conformal  stripes  using  Eq.  2,  is 
shown  in  figure  3a.  These  results  show  relatively  abrupt  interfaces  as  was  expected  keeping  in 
mind  that  the  laser  spot  is  not  punctual.  The  expected  increase  in  the  carrier  concentration  with 
the  SiRi  flow  is  also  observed  but  the  pR  spectra  calculated  concentrations  are  larger  than  the 
expected  values. 

The  free  carrier  mobility  is  obtained  from  the  damping  constant  r,>  of  the  high-energy 
branch  (L+)  of  the  LOPC  mode  using  the  expression  =ejm*  ,  where  e  is  the  electron 
charge  and  m*  the  electron  effective  mass.  For  n-type  GaAs  this  expression  can  be  reduced  to: 

//„,=l,48xlO’W  [^1  (3) 


Here  Fp  is  In  cm  '.  The  calculated  data  are  represented  in  figure  3b  and  the  average  values  of 
carrier  concentration  and  mobility  for  the  three  doped  stripes  are  sumarized  in  table  I.  As  can  be 
observed  from  the  pR  spectra  of  the  doped  stripes,  the  high-energy  branch  (L+)  of  the  LOPC 
mode  is  highly  damped,  making  difficult  a  precise  calculation  of  the  free  carrier  mobility.  It 
strongly  depends  on  the  pR  spectra  base  line. 

Cathodoluminescence  measurements 


Figure  4  shows  CL  images  taken  at  (a)  830  nm  and  (b)  1150  nm  respectively.  The  band-to- 
band  (830)  emissions  from  the  undoped  GaAs  conformal  stripes  arc  clearly  observed  in  figure 
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From  Eq.  3 
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Figure  3.  Calculated  variations  of  the  (a)  free  carrier  concentration  and  (b)  mobility,  across  the 
conformal  layer,  from  the  high-energy  branch  LOPC  mode  in  the  Raman  spectra  and  using  Eqs. 
(2)  and  (3). 
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Table  I.  Calculated  values  of  the  carrier  concentration  and  mobility  for  the  three  different  doped 
stripes  in  the  conformal  layer. 


Stripe 

(see  Fig.  5a) 

SiH4  flow 
(cm^/min) 

n  (x  lO’^^cm'^) 
(by  silane  flow) 

n  (x  lO'^'cm’^) 
(by  Eq.  2) 

fi  (cmVs-') 
(byEq.3) 

2 

2 

0.8 

3.7  ±0.2 

2002  ±  652 

4 

4 

2 

4.7  ±0.3 

1451  ±484 

6 

6 

4 

5.0  ±0.2 

1176  ±422 

4a,  while  the  impurity  related  transitions  (1150  nm)  are  observed  in  figure  4b.  Figure  5a  shows 
the  CL  intensity  profiles  obtained  across  the  conformal  sample  in  the  position  shown  by  the 
white  line  in  the  inset  CL  image.  The  intercalated  undoped  and  Si-doped  stripes  are  clearly 
observed  and  both  the  CL  image  and  the  CL  intensity  profiles  show  the  abruptness  of  the  inter¬ 
stripes  interfaces.  The  slight  superposition  in  the  intensity  profiles  is  due  to  the  size  of  the 
incident  electron  beam.  Figure  5b  shows  the  CL  spectra  of  the  different  doped  and  undoped 
stripes  numbered  in  the  inset  image  of  figure  5a.  The  spectra  of  the  undoped  stripes  3,  5  and  7 
have  a  lOx  magnification  for  better  observation.  The  broad  peak  observed  at  about  1 150  nm  is 
related  to  Si  complexes  formed  as  a  result  of  doping  at  temperatures  below  750°C.  This  broad 
emission  band  corresponds  mainly  to  the  so  called  self-activated  (SA)  luminescence  band.  The 
SA  center  responsible  for  this  luminescence  is  said  to  be  due  to  a  deep  acceptor  (Vca)  with  a 
bound  donor  (Sica)  [9],  and  the  emission  is  related  to  the  internal  transitions  of  electrons  between 
the  excited  and  ground  states  of  the  Sica  -  Vca  complex  [10]. 

CONCLUSIONS 

The  transport  and  optical  properties  of  selectively  doped  GaAs  conformal  stripes  grown  by 
selective  hydride  vapor  phase  epitaxy,  have  been  studied.  The  free  carrier  concentration  and 
mobility  were  determined  from  the  high-energy  branch  L+of  the  LOPC  mode.  Abrupt  interfaces 
between  doped  and  undoped  stripes  were  revealed  by  CL  images  and  intensity  profiles  taken  at 
80K.  The  CL  spectra  of  the  Si-doped  GaAs  stripes  are  dominated  by  the  self-activated 
luminescence  band  produced  by  Si-complexes  normally  formed  in  Si-doped  GaAs  layers  grown 
below  750  °C. 


Figure  4.  80K  monochromatic  CL  spectra  taken  on  the  GaAs  conformal  layer  at  two  different 
wavelengths  :  a)  830  nm  and  b)  1 150  nm.  The  bright  stripes  in  (a)  correspond  to  band-to-band 
transitions  in  the  undoped  stripes,  while  the  bright  stripes  in  (b)  to  the  Si  complex  transitions  in 
the  doped  stripes.  Abrupt  interfaces  are  clearly  observed  in  both  images. 
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Figure  5.  (a)  CL  intensity  profiles  taken  across  the  GaAs  conformal  layer,  (b)  CL  spectra  from 
the  different  stripes  numbered  in  the  inset  CL  image  of  (a).  The  spectra  were  taken  at  80  K. 
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ABSTRACT 

Positron  lifetime  technique  and  photoluminescence  (PL)  were  employed  to  study  the  vacancy 
type  defects  in  p-type  Zn-doped  and  undoped  GaSb  samples.  In  the  positron  lifetime  study,  Ga 
vacancy  related  defect  was  identified  in  these  materials  and  it  was  found  to  anneal  out  at 
temperature  of  about  350"C.  For  the  PL  measurement  on  the  as-grown  undoped  sample 
performed  at  lOK,  a  transition  peak  having  a  photon  energy  of  about  777meV  was  observed. 
This  transition  peak  was  observed  to  disappear  after  a  400“C  annealing.  Our  results  is  consistent 
with  the  general  belief  that  the  777meV  transition  is  related  to  the  VcaGasb  defect,  which  is  the 
proposed  residual  acceptor  of  GaSb. 


INTRODUCTION 

Gallium  Antimonide  is  a  III-V  semiconductor  having  a  narrow  band  gap,  a  small 
effective  electron  mass  and  a  high  electron  mobility.  It  is  the  basic  material  for  a  variety  of 
lattice-matched  materials  having  band  gap  ranging  from  0.8  to  4.3|J,m.  It  is  the  potential  material 
for  fabricating  optoelectronic,  photovoltalic  and  high  frequency  devices.  Undoped  GaSb  is  p- 
type  and  has  a  hole  concentration  of  lO’^-lO’^cm'^  [1,2].  The  residual  acceptor  was  known  to  be 
doubly  ionized  [3]  and  related  to  a  deficiency  of  Sb  or  an  excess  of  Ga  [4-6].  Annealing  the 
undoped  GaSb  for  several  hours  converted  its  p-type  conducting  nature  to  «-type.  It  was 
explained  by  the  creation  of  Vsb  upon  the  annealing,  for  which  Vsb  was  a  donor  compensating 
the  residual  acceptor.  However,  if  the  sample  was  annealed  for  several  tens  of  hours,  it  would 
convert  back  to  p-type  with  an  even  larger  hole  concentration  as  compared  to  the  original  as- 
grown  value  [7].  The  residual  acceptor  has  long  time  been  attributed  to  the  VcaGasb  defect  [7-9]. 
The  increase  of  hole  concentration  upon  prolonged  annealing  can  be  understood  by  the  formation 
of  VoaGasb  resulting  from  the  reaction  between  the  Vsb  defect  and  its  neighboring  Ga  atom.  The 
VcaGasb  defect  was  also  related  to  a  luminescence  signal  called  band  A  (located  at  about 
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777meV)  which  was  commonly  found  in  ihc  phoiolumincsccnce  and  cathodoluminecense 
spectra  of  a  variety  of  GaSb  materials  [7,10-15].  However,  these  correlations  between  the 
residual  acceptor,  the  VcaGasb  and  the  777meV  luminescence  signal  have  not  yet  been  directly 
confirmed  by  experimental  observation. 

Positron  lifetime  technique  is  a  non-destructive  defect  probe  which  is  selectively 
sensitive  towards  open  volume  defects  [16,  17],  Positrons  implanted  into  a  solid  will  be  rapidly 
thermalized  and  then  undergo  diffusion.  An  open  volume  defect  in  the  lattice  which  pre.scnts  as 
a  potential  well,  may  thus  trap  the  diffusing  positrons.  The  trapping  proce.ss  is  indeed  a  positron 
state  transition  from  the  delocalized  Bloch  state  to  the  localized  defect  state.  As  positrons 
annihilating  at  different  stales  have  different  characteristic  lifetime  values,  defect  can  thus  be 
identified  by  its  own  characteristic  lifetime  after  decomposing  the  positron  lifetime  spectrum. 
Defect  information  such  as  the  concentration,  the  micro.structure,  the  charge  state  and  the 
ionization  energy  are  possibly  determined  with  the  use  of  positron  lifetime  technique  [16,17]. 

In  this  study,  we  have  performed  annealing  studies  on  the  undoped  and  the  Zn-doped 
GaSb  samples  with  the  u.se  of  the  positron  lifetime  and  the  PL  techniques  with  an  aim  to 
investigate  the  correlation  between  the  777meV  luminescence  peak  and  the  Ga  vacancy  positron 
lifetime  signal. 


EXPERIMENTAL 

8mmx8mm  samples  were  cut  from  the  LEG  grown  GaSb  wafers  purchased  from  the 
MCP  Wafer  Technology  Ltd.,  U.K.  The  thickness  of  the  samples  is  0.5mm.  Two  undoped 
samples  [GaSb042Un  and  GaSb342Un]  cut  from  two  different  ingots  and  one  Zn-doped  .sample 
[GaSb098Zn]  were  investigated  in  the  pre.sent  study.  The  hole  concentrations  of  the  samples 
obtained  by  Hall  Measurement  perfomied  at  room  temperature  were  : 
/?[GaSb042Un]=2.5xl0'Vm-\  p[GaSb342Un]-2.0xl0"'cm-''  and  p[GaSb098Zn]=3.3xl0’''cm  l 
The  samples  were  degreased  with  acetone  and  ethanol,  and  then  rinsed  by  deionized  water. 
Isochronal  annealing  was  performed  in  a  nitrogen-hydrogen  (80%-20%)  forming  gas 
atmosphere.  After  the  30  minute  annealing,  the  samples  were  retreated  out  of  the  furnace’s  hot 
region  but  still  kept  in  the  forming  gas  atmo.sphere  before  they  were  cooled  down. 

The  positron  .source  used  was  30|iCi  ^“NaCl  radioactive  source  encapsulated  with  kapton 
foil.  The  positron  source  was  then  sandwiched  by  the  pair  of  the  samples  being  measured.  The 
po.sitron  lifetime  spectrometer  u.sed  in  the  pre.sent  study  has  a  resolution  of  fwhm=235ps.  The 
positron  lifetime  measurements  were  carried  out  at  the  room  temperature  and  in  darkness.  Each 
of  the  lifetime  .spectra  contained  4  million  counts. 

In  the  PL  measurements,  the  samples  were  excited  by  the  512  nm  line  of  an  argon  laser, 
with  typical  power  of  500  mW,  and  the  excitation  light  was  modulated  at  20  Hz  using  a 
mechanical  chopper.  The  emitted  light  was  collected  and  separated  by  a  0.25  m  focal  length 
double  monochromator,  with  slit  width  of  0.4  mm  for  both  input  and  output  slit,  and  a  800  nm 
long-pass  filter  was  used  to  avoid  any  second-order  light  reaching  the  detector.  A  liquid  nitrogen 
cooled  InSb  IR-detector  converted  the  emitted  light  into  electric  signal,  which  was  detected  using 
a  lock-in  amplifier  and  was  recorded  with  a  microcomputer.  All  measurements  were  done  at 
lOK,  with  the  samples  mounted  in  an  Oxford  Instrument  clo.sed-cyclc  He  cryo.stat. 
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RESULTS  AND  ANALYSIS 


Results  of  positron  lifetime  measurements 


Room  temperature  positron  lifetime  measurements  were  performed  on  the  samples 
annealed  at  different  temperatures  up  to  580T.  The  lifetime  spectrum  is  the  linear  combination 
of  the  exponential  terms  contributed  from  the  corresponding  annihilating  sites  [16,17],  i.e. 


i 


(1) 


where  Ti  and  /,  are  respectively  the  characteristic  lifetime  and  the  intensity  of  the  i-th  positron 
trapping  defect.  The  average  lifetime  of  the  positron  lifetime  spectrum  is  given  by  [16,17]  : 

(2) 


The  average  positron  lifetime  of  each  of  the  positron  lifetime  spectrum  annealed  at 
different  temperatures  were  calculated  with  the  results  shown  in  figure  1 .  For  the  as-grown  Zn- 
doped  sample,  the  average  lifetime  Tave  was  found  to  be  274ps.  The  average  lifetime  did  not 
vary  up  to  an  annealing  temperature  of  300-400"C,  at  which  it  decreased  to  values  of  about 
272ps.  Afterthen,  the  average  lifetime  further  decreased  to  about  266ps  at  an  annealing 
temperature  of  580'’C.  Ling  et  al  [18]  have  analyzed  the  positron  lifetime  spectra  of  this  Zn- 
doped  sample  and  gave  the  following  conclusion.  The  bulk  lifetime  of  the  GaSb  was  found  to  be 

267±lps.  A  two  lifetime  component  fit  was 
found  to  give  good  representation  to  the  spectra 
of  the  Zn-doped  sample  at  all  the  annealing 
temperatures.  At  annealing  temperatures  lower 
than  300”C,  the  characteristic  lifetime  of  the 
long  lifetime  component  is  constant  at  about 
316±8ps  and  its  intensity  is  also  roughly 
constant  between  50-60%.  This  316ps 
component  was  attributed  to  positron 
annihilating  at  Voa  related  defect.  At  annealing 
temperatures  ranging  between  300"  to  400°C, 
the  characteristic  lifetime  of  the  defect 
0  100  200  300  400  500  600  component  was  found  to  increase  to  368ps  and 

Annealing  Temperature  (  C)  defect  component  intensity  decreased  to 

about  15%.  This  increase  of  lifetime  value  and 
Figure  1  Positron  average  lifetime  as  a  decrease  of  intensity  were  attributed  to  the 

function  of  the  annealing  temperature  for  the  anneal  out  of  the  original  Vca-related  and  the 

three  GaSh  samples.  The  lines  joining  the  data  formation  of  a  new  defect  D  having  a  lifetime  of 
points  are  only  for  visual  guidance.  368ps.  This  new  defect  D  was  found  to  anneal 

out  at  580"C  where  the  defect  component 


intensity  decreased  to  effectively  zero. 


425 


For  the  case  of  the  two  undoped  samples,  their  annealing  behaviors  are  very  similar.  The 
two  undoped  samples  have  average  lifetime  values  higher  than  the  bulk.  This  implies  that  there 
are  positron  trapping  centres  in  the  samples.  Unlike  the  Zn-doped  sample  which  has  two 
annealing  stages  (namely  at  SOO-WC  and  580°C),  there  is  only  one  annealing  stage  at  350°C 
for  the  undoped  samples.  As  the  350*^0  annealing  stage  in  the  Zn-doped  sample  was  related  to 
the  annealing  out  of  the  Vca-related  defect,  it  is  plausible  to  assign  the  350"C  annealing  observed 
in  the  undoped  GaSb  sample  to  the  same  process.  As  compared  to  the  Zn-doped  sample  having 
an  average  lifetime  equal  to  272ps  after  the  350‘’C  annealing,  the  average  lifetime  of  the  undoped 
samples  reaches  value  of  about  266ps,  which  is  the  bulk  lifetime  of  GaSb  and  thus  implies  no 

positron  trapping  centre  exists  in  the 
undoped  samples  after  the  350”C 
annealing.  This  indicates  the 
formation  of  the  defect  D  upon  the 
annealing  out  of  the  Vca-related  defect 
in  the  Zn-doped  sample  possibly 
involves  the  reaction  between  the  Vca- 
related  defect  and  the  Zn  dopant. 

As  for  the  undoped  samples  in 
which  the  defect  Vca  being  annealed 
out  with  no  formation  of  new  defect, 
the  simple  trapping  model  can  be  used 
to  describe  the  positron  trapping 
annihilation  in  the  sample  sy.stem.  The 
positron  trapping  rate  k  into  the  Ga 
vacancy  is  given  by  the  equation  [  1 7]: 


K  = 


-  r,.  1 

Tn  -  T., 


-  =  jJC 


(3) 


Annealing  Temperature  (°C) 


where  zj,=266ps  is  the  bulk  lifetime  of 
GaSb,  ro=317ps  is  the  characteristic 
lifetime  of  Vo,,  [18],  fu=2xl&‘^s‘  is  the 


Figure  2  (a)  The  concentrations  of  the  Ga  vacancy 
related  defect  for  the  two  undoped  samples  as  a 
function  of  the  annealing  temperature,  (h)  The  PL 
intensities  of  the  two  PL  peaks  (777 meV  and 
799meV  respectively)  found  in  the  undoped  sample 
GaSh()42Un  as  a  function  of  the  annealing 
temperature. 


specific  trapping  coefficient  of  Vq,, 
[18]  and  c  is  the  Vo,,  concentration. 
The  concentrations  of  the  Ga  vacancy 
for  the  two  undopcd  samples  at 
different  annealing  temperatures  were 
calculated  and  shown  in  figure  2(a). 
The  Ga  vacancy  concentrations  in  the 
two  as-grown  undopcd  samples  were 
found  to  be  about  2xl0'’c7?r’  and 
then  dropped  to  nearly  zero  at  the 
annealing  temperature  of  about  350°C. 
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Results  of  PL  measurements 


Low  temperature  (lOK)  PL  measurements  have  been  performed  on  the  GaSb042Un 
undoped  samples  annealed  at  different  temperatures.  Two  typical  PL  spectra,  namely  those  of 
the  as-grown  and  the  400”C  annealed  samples,  are  shown  in  figure  3.  For  both  of  the  spectra, 
the  dominant  luminescence  signals  are  the  peak  located  at  about  777meV.  Another  two  emission 
signals  were  also  identified  at  positions  of  about  760meV  (the  low  energy  shoulder  of  the 
777meV  dominant  emission)  and  SOOmeV.  The  intensities  of  all  the  peaks  were  found  to  reduce 
significantly  after  the  400"C  annealing.  The  PL  spectra  taken  at  different  annealing  temperatures 
were  fitted  with  the  model  consisting  of  three  Gaussians.  The  fitted  peak  positions  were  found  to 
be  annealing  temperature  independent  for  the  two  stronger  signals,  namely  at  777.36  ±  0.74meV 
and  798.76  ±1.70meV  respectively.  The  weak  signal  at  about  760meV  was  too  weak  to  obtain 
reliable  fitting  parameters. 
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Figure  3  PL  spectra  of  the  as- grown  and 
400" C  annealed  GaSb042Vn  undoped  GaSh 
samples.  The  measurements  were  performed 
atT=10K. 

VcaGasb.  Furthermore,  as  shown  in  figure  2,  the 
reduce  at  the  annealing  temperature  of  300®C, 
temperature  of  Voa  related  defect  obtained  from  the 


The  777meV  luminescence  signal 
was  found  in  most  of  the  GaSb  materials 
grown  by  various  methods.  It  was  related  to 
Sb  deficiency  and  was  attributed  to  donor 
or  conduction  band  to  VcaGasb  transition 
[7,9,11-13].  The  799meV  signal  observed 
in  the  present  study  is  close  to  the  previous 
observations  of  PL  signals  attributed  to 
exciton  bound  to  neutral  acceptor 
(VcaGasb)''  (792-805meV  [11-13]).  The 
intensities  of  the  777meV  and  799meV  PL 
signals  as  a  function  of  the  annealing 
temperature  are  shown  in  figure  2(b).  From 
the  figure,  their  annealing  behaviors 
followed  the  identical  trend  and  thus  the  two 
transition  would  involve  an  identical  defect. 
This  further  supports  the  assignments  of  the 
777meV  and  the  799meV  signals  to 
transitions  involving  the  same  defect 
intensities  of  the  two  PL  peaks  significantly 
,  which  is  coincident  with  the  annealing 
positron  lifetime  measurements. 


CONCLUSION 

Positron  lifetime  and  photoluminescence  measurements  were  employed  to  study  the  Ga 
vacancy  related  defects  in  Zn-doped  and  undoped  GaSb.  By  the  positron  lifetime  technique,  Ga 
vacancy  was  identified  in  both  the  Zn-doped  and  the  undoped  samples.  Two  luminescence 
signals,  namely  777meV  and  799meV,  were  identified  in  the  PL  measurement  and  were  related 
to  conduction  band  or  donor  to  VcaGasb  transition  and  exiton  bound  with  neutral  VoaGasb 
respectively.  The  two  PL  signals  and  also  the  positron  lifetime  Ga  vacancy  signal  disappeared 
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at  the  annealing  temperature  of  300°C.  This  observation  is  consistent  with  the  general  viewpoint 
that  the  777meV  and  the  799meV  PL  peaks  are  related  to  the  VcaGasb  defect. 
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ABSTRACT 

X-ray  structural  analysis,  nuclear  magnetic  resonance,  optical  spectroscopy  and  second 
harmonic  generation  were  used  to  characterize  the  new  nonlinear  crystals  LiInS2  and  LiInSe2  which 
possess  maximum  band  gap  (3.59  and  2.86  eV  at  300  K,  respectively)  among  ternary 
chalcogenides.  As  grown  crystals  are  only  slightly  colored  while  color  change  after  annealing  is  due 
to  native  point  defects. 

INTRODUCTION 

Only  few  suitable  nonlinear  crystals  are  available  for  generation  of  coherent  radiation  tunable  in 
the  mid-IR  (3  to  20  pm),  a  spectral  region  of  great  importance  for  vibrational  molecular 
spectroscopy  and  atmospheric  sensing.  An  active  search  for  new  nonlinear  crystals  for  this  region  is 
in  progress  now.  The  new  materials  that  can  be  successfully  added  to  this  limited  list  of  crystals  are 
LiInS2  and  LiInSe2  (further  LIS,  LISe,  respectively).  The  first  one  was  first  studied  by  Boyd  and 
co-workers  in  the  70-ies  [1],  and  has  recently  enjoyed  renewed  interest  because  of  its  attractive 
optical  properties,  such  as  the  large  transparency  range  from  0.35  to  13  pm  and  the  high  (estimated 
at  10.6  pm  [1])  nonlinear  susceptibility  d33=15.8  pm/V.  No  information  about  the  nonlinearity  of 
LISe  was  available,  but  it  was  expected  to  be  higher.  Problems  with  growth  of  the  LiInS2  and 
LilnSeo  crystals  were  solved  recently  and  large  crystals  of  high  optical  quality  became  available 
[2,3].  One  of  the  typical  features  of  ternary  compounds  is  considerable  variation  of  their  color 
depending  on  growth  or  annealing  conditions.  Taking  into  account  that  such  coloration  can  be  due 
to  phase  transitions  and  affect  strongly  the  main  output  parameters  including  nonlinear  efficiency, 
we  studied  LIS  and  LISe  samples  of  different  color  using  several  structurally  sensitive  techniques: 
X-ray  structural  analysis,  nuclear  magnetic  resonance  (NMR),  frequency  conversion  (nonlinear 
susceptibility  and  phase-matching  conditions)  and  optical  spectroscopy  and  showed  that  color 
variations  can  be  due  to  point  defects. 

EXPERIMENTAL  DETAILS  AND  DISCUSSION 
Samples:  Crystal  growth  and  annealing 

The  bulk  LIS  and  LISe  crystals  were  grown  by  the  Bridgman-Stockbarger  technique  on  (001) 
and  (010)  seeds.  Details  of  LIS  growth  were  given  in  [2],  the  growth  techniques  for  LISe  is  very 
similar.  Special  attention  is  paid  to  ratios  between  components  in  the  charge.  A  correction  of  the 
stoichiometric  Li:In:S  (Se)=l:l:2  ratios  is  made  taking  into  account  different  stability  of  the 
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elements  to  weight  loss  during  the  runs  because  of  volatilization  and  interaction  between  melt  and 
container  walls.  An  additional  post-growth  thermal  treatment  in  chalcogcn  vapor  at  temperature 
close  to  melting  point  is  performed  to  remove  the  small  opaque  inclusions  of  different  phases.  The 
as-grown  samples  are  almost  colorless  for  LIS  or  yellow  to  greenish  for  LISe.  For  as-grown 
samples  chemical  analysis  indicates  1  to  3%  deficit  of  chalcogcn  relative  to  metals  (Li+In).  on  the 
other  hand  there  is  2  to  4%  Li  deficit  relative  to  In  [2].  There  are  a  lot  of  small  inclusions  inside  as- 
grown  LIS  and  LlSe  crystals  which  make  them  milky  and  one  uses  a  high  temperature  annealing  in 
chalcogcn  vapor  to  make  samples  highly  transparent.  It  is  a  wide-spread  technological  treatment 
which  is  used  for  other  crystals  such  as  AgGaS^  or  AgGaSci.  Indeed,  chemical  analysis  shows  up 
to  3%  surplus  S  or  Se  [2]  after  annealing,  but  in  contrast  to  the  mentioned  compounds  LIS  and 
LISe  change  their  color  considerably:  Annealed  LIS  is  rose  and  LISe  becomes  dark  red  to  opaque. 
Since  the  phase  diagram  can  be  very  complicated  for  ternary  compounds  and  the  area  of 
homogeneity  related  to  a  certain  phase  is  sometimes  only  about  1  w.%  in  width,  it  is  necessary  to 
verify  that  the  crystal  structure  remains  unchanged  after  annealing.  Thus  as-grown  and  annealed 
.samples  of  LIS  and  LISe  were  compared  using  different  structurally  sensitive  techniques. 

The  X-rav  structural  analysis 

The  crystal  structure  determination  for  different  LIS  and  LlSc  samples  was  performed  using 
CAD4  diffractometer  along  with  the  SHELXL97  structure  detcrmination/rcflncmcnt  program.  For 
all  samples  investigated  identical  structure  (space  group  Pna2|,  wurtzitc-  type  lattice)  was 
established,  but  lattice  parameters  somewhat  varied:  they  increased  in  line  with  color  intensity 
(Table  1 ). 

Table  I.  Lattice  parameters  for  LilnS.  and  LilnSe.  single  crystals  of  different  color  detemiined  in 
the  present  work  and  comparison  with  Ref.fl,41 


Crystal 

LilnSi 

LilnSe.  ! 

Color 

Colorless 

Yellowish 

Ro.se 

Yellow 

Greenish 

Rose 

Dark  red 

Space  group 

Pna2i 

Pna2i 

Pna2, 

Pna2i 

Pna2| 

Pna2i 

Pna2| 

a  [A] 

6.874(1) 
6.894  [1] 

6.890(1) 

6.896(1) 

7.1917(8) 

7.192 

7.1939(8) 

7.1934(10) 
7.218  [4] 

blA] 

8.0332) 
8.064  [1] 

8.053(1) 

8.058(2) 

8.4116(10) 

8.412 

8.4163(10) 

8.4159(1 1) 
8.441  [4] 

c[A] 

6.462(  1 ) 

6.485  11] 

6.478(2) 

6.484(4) 

6.7926(8) 

6.793 

6.7926(8) 

6.7971(9) 
6.772  [4] 

V  [A^] 

3.56.82 
360.5  [11 

359,43 

360.3 

410.90(8) 

410.97 

411.27(8) 

41 1.49(9) 
412.6  [4] 

Nuclear  Ma£netic  Resonance:  LilnSe^ 

Both  ^Li  (7=3/2)  and  ‘”ln  (7=9/2)  arc  quadrupole  nuclei:  their  NMR  line  shape  is  sensitive  to  the 
variations  of  the  structure  of  compound  and  to  existing  defects.  Single  crystals  of  LISe  3.5  x  3.5  x 
5  mm  in  size  were  placed  into  an  NMR  coil  of  5  mm  in  diameter.  The  powder  samples  were 
prepared  also  from  the  same  crystals.  The  ’Li  and  '  "in  spectra  were  measured  with  a  Tccmag  pulse 
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NMR  spectrometer  in  the  applied  magnetic  field  of  8.0196  T  (at  resonance  frequencies  132.68  and 
74.84  MHz  for  ’Li  and  "''^In  nuclei,  respectively),  using  Fourier  transformation  of  the  spin  echo 
signals  accumulated  with  the  16-phase  cycled  sequence.  The  length  of  7i/2  pulse  was  4  jis  for  ’Li 
and  5  |is  for  “‘’in.  Angular  dependence  was  measured  when  the  crystals  were  rotated  around  their 
c-axis,  which  was  perpendicular  to  the  applied  magnetic  field.  All  samples  exhibited  very  long  spin- 
lattice  relaxation  time  (around  1  h)  which  is  characteristic  for  high  purity  compounds. 

’Li  and  “‘’in  NMR  spectra  of  LISe  single  crystals  and  powders  are  given  in  Fig.  1 A  and  Figs. 
IB- 1C,  respectively.  Both  ’Li  and  “‘’in  should  show  quadrupolar  perturbed  NMR  signals.  In  single 
crystal,  the  NMR  spectrum  of  ’Li  nucleus  with  7=3/2  consists  of  three  lines.  Besides  a  single 
resonance  at  Larmor  frequency  Vo,  two  satellites  with  the  first-order  shift  of 

Vj=e’qQ(3cos^0 -l)/4h  (1) 

occur.  Here  q  is  the  electric  field  gradient  (EFG),  Q  is  the  quadrupole  moment  of  the  nucleus,  ^is 
the  angle  between  applied  magnetic  field  and  the  principal  axis  of  the  EFG  tensor,  and  h  is  the 
Planck’s  constant.  The  aforementioned  satellites  are  clearly  seen  in  the  ’Li  spectrum  of  single 
crystal  (Fig.  lA).  In  the  powder  (Fig.  IB),  the  central  line  and  the  satellites  are  almost  unresolved 
due  to  the  overlap  caused  by  angular  dependence  of  the  resonance  frequency  given  by  Eq.(l).  For 
“‘‘’in  nucleus  with  7=9/2,  nine  satellites  should  occur.  However,  they  are  hardly  excited  with  our 
7t/2  pulse,  and  thus  we  show  and  analyze  only  the  central  line  corresponding  to  S->  -S  transition. 


Fig.  1:  A.  Room  temperature  ’Li  NMR  spectra  of  single  crystal  LiInSe2  corresponding  to  the 
maximal  .splitting  of  the  lines.  Orientation  of  external  magnetic  field  Bo  is:  Bole,  angles  (Bo,  a)  = 
22.5°,  (Bo,  b)  =67.5°  (with  accuracy  about  2-3°).  For  as-grown  (1)  and  annealed  (2)  samples,  the 
spectrum  of  the  latter  is  shifted  upwards  for  clarity.  B  and  C:  Room  temperature  ’Li  and  “‘‘’in 
NMR  spectra  for  as-grown  (1)  and  annealed  (2)  powder  LiInSe2,  respectively. 

Line  width  of  the  quadrupolar  perturbed  NMR  signals  is  caused  by  dipole-dipole  interaction  of 
nuclei  and  distribution  of  electric  field  gradients  existing  in  an  imperfect  crystal.  The  nearest 
neighbors  of  In  and  Li  atoms  are  Se  atoms.  Due  to  the  low  natural  abundance  of  ”Se  isotope 
(7.6%)  having  nuclear  spin  and  rather  large  Li-Li,  In-In  and  Li-In  distances  (around  4.1  E),  the 
dipole-dipole  interactions  among  nuclei  are  weak;  their  contribution  into  the  second  moment  of  the 
resonance  line  is  calculated  to  be  around  1  kHz’  for  both  ’Li  and  “‘’in.  Moreover,  the  dipole-dipole 
interactions  should  be  the  same  for  the  as-grown  and  annealed  samples.  Thus  the  main  contribution 
to  the  line  width  results  from  the  distribution  of  EFGs,  and  the  difference  in  the  line  width  is  caused 
by  the  variation  of  this  distribution  in  annealing.  From  Fig.  IB-C,  one  can  see  that  the  powder  ’Li 
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and  NMR  spectra  of  as-grown  and  annealed  LISe  arc  very  similar,  though  the  resonance  of 
the  annealed  sample  is  a  little  bit  broader.  Two  reasons  are  suggested:  1.  The  EFG  distributions  on 
Li  and  In  nuclei  are  broader  in  the  annealed  sample,  which  is  less  perfect  than  the  as-grown  one.  It 
may  be,  for  example,  because  surplus  Se  atoms  occupy  the  unfilled  tetra-  or  octahedral  sites  of  the 
lattice.  Such  an  imperfection  of  the  crystal  creates  an  additional  electric  field  gradient  at  nucleus; 
these  gradients  vary  from  site  to  site  and  yield  additional  line  broadening.  2.  The  structural 
parameters  of  the  two  samples  are  a  little  bit  different,  resulting  in  EFG  values  larger  in  the 
annealed  sample  than  in  the  as-grown  one.  Such  effect  would  lead  to  a  difference  in  the  quadrupole 
splitting  of  the  NMR  spectra  of  the  two  crystals,  which  is  not  obtained  in  the  single  crystalline 
spectra  (Fig.lA).  Thus  one  can  conclude  that  both  as-grown  and  annealed  LilnSe^  samples  have 
identical  crystal  structure  and  the  negligible  differences  in  NMR  spectra  can  be  related  to  point 
defects  such  as  surplus  Se  ions  in  different  positions  in  crystal  lattice. 

Optical  absorption  spectroscopy 

Optical  transmission  spectra  in  the  whole  transparency  region  were  recorded,  using  Shimadzu 
UV-3101  UV/VIS/NIR  and  Bomem  FTIR  spectromctcrs(Fig.2).  Both  shortwave  and  longwave 


Fig.2  Absorption  spectra  for  LIS(A)  and  LISe(B).  In  A:  Cl  and  C4  arc  as-grown  LIS  samples; 
C3  was  annealed  [2].  In  B  spectra  1,2  were  obtained  for  yellow  as  grown  LISe  and  3,4  correspond 
to  a  dark  red  sample.  Spectra  1 ,3  and  2,4  were  recorded  at  80  K  and  300  K,  respective  ly. 

edges  of  transparency  region  arc  important  for  crystal  characterization.  The  latter  is  determined  by 
lattice  vibrations  and  one  can  see  in  Fig.2  that  both  for  LIS  and  LISe  it  is  identical  in  shape  and 
position  for  as-grown  and  annealed  crystals.  The  shortwave  absorption  edge  characterizes  band-to- 
band  electronic  transitions:  in  real  crystals  the  near-edge  absorption  bands  due  to  native  defects 
mask  it  usually  and  this  is  the  reason  why  thin  samples,  less  than  0.1  mm  thick  are  studied.  For  LIS 
this  work  has  been  reported  in  [2].  In  both  as-grown  colorless  and  annealed  rose  samples  the 
absorption  spectra  were  found  to  become  straight  lines  in  (a*  hv)^  =f  (hv)  coordinates  and  to  lead 
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to  identical  band  gap:  Eg=  3.72  and  3.59  eV  at  80  and  300K,  respectively.The  rose  color  of  thick 
annealed  LIS  samples  was  due  to  broad  bands  at  420  and  540  nm  [2].  For  as-grown  LISe  the  same 
approach  gave  Eg=3.04  and  2.86  eV  at  80  and  300K  [5],  respectively,  but  for  annealed  samples 
some  additional  intense  bands  with  maxima  in  the  500  to  550  nm  range  superimpose  the 
fundamental  edge  even  at  0.1  mm  thickness  and  it  was  necessary  to  decrease  the  thickness  further. 
As  a  result  annealed  thin  plate  is  red  in  color.  It  is  important  to  note  that  illumination  by  a  visible 
light  with  X,~400-500  nm  from  IkW  Xe  lamp  through  MDR2  diffraction  monochromator  was 
found  to  remove  the  red  color  of  annealed  LiInSe2  crystals  and  to  make  them  yellow,  the  effect 
being  reversible.  Such  effects  are  typical  of  the  recharge  of  point  defects  in  solids. 

Refractive  indices,  phase-matching  and  nonlinearity 

For  yellow  and  rose  LIS  samples  tensor  components  of  dig  =8.35  pm/V  and  d24  =8.3  pnVV  were 
deduced  both  from  precise  gaussian  beam  analysis  of  the  SHG  process  and  also  by  relative 
measurements  [6].  These  values  are  only  slightly  lower  than  estimations  based  on  non-phase 
matched  methods  presented  in  [1]  at  10.6  pm  (dgi  =9.9  pmA^  and  d32  =8.6  pmA^,  d3i=di5  and 
d32=d24  under  Kleinman  symmetry).  Study  of  the  second  harmonic  generation  for  LIS  showed 
practically  identical  phase-matching  conditions  for  as-grown  and  annealed  samples  (Fig.3)  which 
confirms  that  refractive  indices  and  their  dependence  on  wavelength  are  similar  for  these  samples. 
Thus  their  structure  is  also  the  same.  Some  difference  from  [1]  is  likely  to  be  due  to  variations  in 
growth  conditions  and  differences  in  real  structure. 

Refractive  indices  of  as-grown  and  annealed  LISe  samples  were  measured  for  and  using 
conventional  technique  of  minimum  deviation  angles  with  one  and  the  same  prism  which  was 


Fig.3  Measured  internal  phase-matching  angles  for  the  as-grown  (open  dots)  and  annealed  LIS 
(solid  dots),  obtained  using  a  free  electron  laser  [6],  The  solid  triangles  were  measured  for 
annealed,  rose  LIS  with  a  nanosecond  OPO  as  the  pump  source.  The  line  is  the  calculated  phase¬ 
matching  curve  based  on  Boyd’s  refractive  index  data  [1]. 


annealed  after  the  first  stage  of  experiments.  The  indices  obtained  before  and  after  annealing  are 
given  in  Table  2  and  one  can  see  that  they  are  identical  within  the  experiment  accuracy.  Nonlinear 
parameters  were  measured  only  for  as-grown  LISe  samples  to  date:  they  are  1.26-1.56  times  higher 
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than  those  for  LIS  [3],  Investigation  of  LISc  phase-matching  conditions  and  nonlinear  parameters  is 
in  progress. 


Table  II.  Comparison  of  refractive  indices  for  LiInSc2 


m^uQQiiiin 

Yellow-greenish  LilnSc: 

Dark  red  LiInSe2 

hhh 

n. 

n. 

n* 

0/ 

2.3627 

2.3615 

2.4219 

2.3752 

2.3662 

■ESSB 

meem 

■HUH 

2.3090 

CONCLUSIONS 

Combined  investigation  of  as-grown  and  colored  annealed  LIS  and  LISc  crystals  using  X-ray 
structural  analysis,  NMR,  optical  absorption  spectroscopy,  refractive  indices  and  phase  matching 
conditions  showed  the  identity  of  their  structure  and  of  main  physical  properties,  which  allows  to 
associate  the  coloration  at  annealing  in  chalcogen  vapor  with  native  point  defects:  Both  as-grown 
and  annealed  samples  are  feasible  for  nonlinear  optical  applications. 
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ABSTRACT 

We  study  changes  in  the  optical  constants  of  a-Si:H  films  caused  by  the  thermal 
annealing  involved  in  solid  phase  crystallization.  The  aim  is  to  examine  the  growth 
mechanism,  since  changes  in  refractive  index  are  most  probably  caused  by  a  change  in  the 
network  structure.  The  refractive  index  change  was  studied  from  interference  fringes  in 
transmitted  light  at  normal  incidence,  and  shows  differing  dependence  on  temperature  in 
different  thermal  ranges.  DSC  measurement  was  also  performed  to  examine  changes  in  the 
network  structure  with  temperature.  Changes  in  optical  and  thermal  properties  induced  by 
an  increase  of  temperature  reveal  frequent  network  changes  of  a-Si:H  below  470  °C  and  of 
a-Si  in  the  range  470  to  570  °C.  We  also  found  crystallization  at  about  570  °C,  and  grain 
growth  above  the  crystallization  temperature.  Knowledge  of  network  changes  in  a-Si  film 
allows  orientation  control  by  an  external  seed. 


INTRODUCTION 

Solid  phase  crystallization  of  amorphous  silicon  films  deposited  on  glass  substrates  is  a 
potentially  useful  process  that  has  received  considerable  attention  [1,2],  However,  little  is 
known  about  network  changes  caused  by  the  thermal  annealing  that  takes  place  with 
crystallization.  Changes  in  the  network  structure  are  most  likely  to  change  the  refractive 
index.  Accordingly,  we  investigate  changes  in  the  optical  constants  of  annealed  a-Si:H  films 
with  a.  view  to  understanding  changes  in  crystallization  of  the  mother  network. 

Optical  properties  of  a-Si:H  films  have  been  studied  by  ellipsometric  measurement. 
Standard  ellipsometry  measures  two  relative  properties  of  orthogonally  polarized  radiation. 
Determination  of  the  three  quantities,  refractive  index  n,  absorption  coefficient  o,  and  film 
thickness  d,  therefore  requires  a  further  independent  measurement  that  may  introduce 
additional  errors  as  a  result  of  any  irregularity  in  the  thickness.  In  our  work,  optical 
constants  were  obtained  by  analyzing  interference  fringes  in  transmitted  light  at  normal 
incidence  [3,4]. 

Thin  a-Si;H  films  were  deposited  onto  quartz  substrate  by  PECVD.  Measurements  were 
made  after  isochronous  annealing  for  16  hours,  at  temperatures  up  to  1000  °C.  The 
refractive  index  depends  differently  on  temperature  in  distinct  ranges;  the  transition 
temperatures  between  these  ranges  axe  240,  340,  450,  570,  and  680  “C.  The  transitions  at 
the  lowest  three  temperatures  probably  involve  network  changes  in  the  a-Si:H  film;  the 
transition  at  570  °C  is  due  to  crystallization  of  a-Si;  and  the  transition  observed  above  the 
crystallization  temperature  is  due  to  grain  growth.  Differential  scanning  calorimetry  (DSC) 
is  performed  to  examine  changes  in  the  network  structure  as  the  temperature  varies.  Our 
demonstration  that  external  seeding  can  control  crystalline  orientation  verifies  the  value  of 
transmittance  analysis  in  detecting  changes  in  the  network. 
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EXPERIMENT 


Undopecl  a-Si:H  films  were  deposited  on  quartz  substrates  for  use  in  transmittance 
measurements,  and  also  onto  crystalline  silicon  substrates  for  FTIR  measurements  using  a 
parallel  plate  PECVD  ai)paratus.  Radi(>-fr(‘cjuency  elecrtromagnetic  waves  (13.56  MHz)  of 
power  2  \V  (power  density  roughly  3.7  x  lO-'W/cnr^)  were  used  in  a  glow  discharge  of  pure 
silane  gas  fed  at  3.3  seem.  The  chamber  pressure  was  maintained  at  10  Pa.  The  deposition 
temperature  was  varied  from  150  to  300  ‘’C.  Film  thi(;knes.ses  w(‘r('  bc'tween  0.7  and  0.9  /iiii. 

The  hydrogen  concentration  Cn  in  the  film  was  determined  by  infrared  spectroscopy 
(FTIR-8100,  Shimadzu).  The  integrated  inten.sity  of  the  Si-H  stretching  mode  at  the 
wavcniimtx’rs  //  =  2000  cm“'  and  //  =  2090  cm'”’  w('r('  list'd  to  determine  Cu  [5]. 

Transmittance  spectra  of  the  a-Si;H  thin  films  on  a  (juartz  substrate  of  thickness  0.8  mm 
were  measured  in  air  at  normal  incidence  using  a  double  beam  spectrophotometer 
(UV-2500PC,  Shimadzu).  The  model  of  the  analysis  u.scd  here  is  essentially  tliat  of 
Manifacier  et  al.  [3].  except  that  a  rear  side  surface  of  the  substratt'  is  incorporated  to  allow 
for  multiple  reflection  in  the  substrate.  The  three  optical  parameters  of  the  film,  n,  a,  and 
d,  were  fitted  numerically  [4].  The  weak  absorption  approximation  [3]  was  used  to  generate 
initial  iteration  values  for  n  and  a.  An  initial  value  for  tlie  film  thickne.ss  d  was  obtained  by 
interference  microscopy. 

An  experimental  transmittance  {T^^p)  curve  is  shown  in  figure  1.  Envelopes  of 
interference  maxima  and  minima.  and  T„„„,  wc’n^  modc'lc'd  using  spline  interpolation. 
These  three  independent  data  suffice  to  determine  the  refractive  index  n,  the  absorption 
coefficient  a.  and  the  film  thickness  d.  The  refractive  index  and  the  absorption  coefficient 
basc'd  on  figure  1  arc;  shown  in  figure’s  2(a)  and  2(b).  Thc'ii,  wc'  cran  calcailatc'd  transmittance 
Teal  using  these  optical  cronstants.  and  this  is  also  .shown  in  figure  1.  Clearly  and 
show  excellent  agreement.  Accuracy  of  the  numerical  calculation  for  n  and  a  was  checked  by 
comparing  the  experimental  values  with  the  calculated  results.  Calculation  errors  were 
evaluated  as  follows.  Firstly,  we  obtained  an  exac't  solution  of  the  transmittance 
corresponding  to  hypothetically  introduced  optical  constants.  Then,  we  determined  new 
optical  constants  only  from  the  transmittance.  Finally,  calculation  errors  were  obtained  by 


Figure  1.  Transmittance  of  an  a-SI:H  film  for  ('X])('rimcntal  (dots)  aiul  calculated  (+)  values 
showing  good  agreement  in  the  low  loss  region. 
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Figure  2.  Optical  constants  for  the  a-Si:H  film  in  figure  1  are  shown  as  a  function  of  incident 
photon  energy;  (a)  refractive  index  and  (b)  absorption  coefficient. 


comparing  the  initial  optical  constants  with  newly  determined  ones.  The  calculation  error 
for  n  was  less  than  2  %  at  E  =  1.15  1.85  eV.  Figure  2(a)  reveals  that  the  numerical  error 

for  n  increases  above  jS  ^  1.5  eV.  We  therefore  determined  the  refractive  index  n  at  a 
photon  energy  of  1.4  eV.  This  is  where  the  smallest  calculation  errors  are  expected,  since  the 
envelope  curves  vary  slowly  and  the  turning  points  of  the  envelopes  are  a  long  way  away. 
Figure  2(b)  shows  that  the  numerical  error  for  a  increases  in  the  low  loss  region.  The  error 
also  increases  in  the  high  loss  region  where  the  interference  fringes  are  very  weak.  Accuracy 
of  the  absorption  coefficient  was  less  than  ±20  %  for  350  <  a  <  4500  cm“b  We  therefore 
define  a  characteristic  energy  £^1500  as  the  photon  energy  for  which  a  ~  1500  cm~^  so  as  to 
evaluate  the  loss  with  minimum  calculation  error. 

Thermal  analysis  of  the  a-Si:H  films  was  carried  out  by  DSC,  using  a  Shimadzu  DSC-50 
to  assess  network  structure  changes  during  annealing  of  the  film.  Samples  for  DSC 
measurements  were  deposited  at  200  °C  on  quartz  disks  (200  }im  thick,  4mm  in  diameter)  to 
a  thickness  of  about  0.48  jtnn.  Ten  samples  were  placed  in  a  quartz  pan  with  an  alumina 
sample  (O.OlOg)  in  a  reference  pan.  The  DSC  module  was  located  in  a  helium  atmosphere 
(35ml/min).  Samples  were  heated  at  0.5  °C/min  up  to  700  °C. 

It  is  well  known  that  the  photoinduced  change  of  electronic  properties  in  a-Si:H,  known 
as  the  Staebler— Wronski  effect  (SWE),  is  closely  related  to  network  changes  [6,7].  For  SWE 
evaluation  with  temperature,  a  set  of  10  samples  were  irradiated  by  light  at  300  mW/cm^ 
for  1  hour.  The  first  DSC  measurement  was  performed  by  heating  the  photodegraded 
samples  to  200  °C,  and  the  samples  wore  annealed  in  the  dark  by  maintaining  them  at  this 
temperature  for  30  min.  The  second  DSC  measurement  up  to  200  °C  followed  after  cooling 
the  samples  to  room  temperature.  Differences  between  these  measurements  show  network 
changes  related  to  the  SWE.  The  measurement  steps  were  repeated  twice,  and  an 
accumulation  was  made  of  the  difference  in  order  to  improve  the  S/N  ratio. 


RESULTS  AND  DISCUSSION 

Variation  of  refractive  index  with  temperature  is  shown  in  figures  3.  Data  plots  are 
shown  for  both  deposited  and  annealed  a-Si:H  films.  The  refractive  index  increases  with 
temperature  up  to  about  570  °C.  Although  the  data  points  show  some  irregularity,  the 
temperature  variation  of  the  refractive  index  can  nevertheless  be  partitioned  into  several 
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Figure  3.  Rrfrac'tivf  inch^x  of  films  (  +  ),  and  aniK'ak'd  films  (•)  as  a  function 

of  temperature. 

intervals.  Approximate  transition  temperatures  between  the.se  intervals  are  210.  340,  450, 
and  570  “C.  A  weak  dependence  of  the  refractive  index  on  temi)erature  is  observed  in  the 
ranges  240—340  and  450—570  *^0,  but  a  stixaig  rU'jx'iuk'nce  in  the  otlu'r  int(  'rvals.  Thes{' 
changes  se<uns  to  l)e  caused  by  changes  in  the  motlier  network. 

The  hydrogen  concentration  (Ch)  measurement  indicates  that  Ch  decrea.ses  as  the 
temperature  incr('a.s(‘s,  and  rc'aclu's  zero  at  about  405  °C.  TIk'  transition  t(‘mp(Tatur('s  at 
240,  340,  anrl  450  °C  are  therefore  most  probalfiy  due  to  m'twork  (4iang(‘s  of  the  a-Si:H.  Our 
PECVD  apparatus  gave  device-quality  a-Si:H  films  at  a  deposition  tem))erature  of  about 
240  °C.  which  is  very  close  to  the  lowest  critical  temperature.  Device-quality  films  relate  to 
th{!ir  d(‘fcxt  <lensity  [8].  Th('  ])r('sent  n'sult  indicates  that  tlu'  dc'fect  density  can  be  rc'lated  to 
network  changes. 

Variation  of  the  characteristic  energy  Ei5,k)  with  temperature  is  shown  in  figure  4(a). 

Data  for  tlepositx'd  and  amu'ak'd  films  an'  again  both  plotted  in  the  figure.  The  saiiu' 
critical  temperatures  as  shown  in  figure  3  are  .seen  in  figure  4(a).  Since  the  turning  points 
arc  not  clear  in  this  figure,  however,  data  points  up  to  500  °C  are  plotted  in  figure  4(b)  as  a 
function  of  hydrogen  concc'ut ration.  Tlu'  transition  temix'ratuix's  of  240,  340,  and  450  °C 
corresj)ond  to  critical  hydrogen  concentrations  of  about  15,  10.  and  5  atomic  %.  It  is  sw'ii 


Figure  4.  Change  of  photon  energy  with  (a)  temperature,  and  (b)  hydrogen  concen¬ 
tration.  Data  plots  an'  shown  for  both  dei)osit('d  films  (-t  ),  and  aniK'ah'd  films  (•). 
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Figure  5.  (a)  DSC  spectrum  of  a-Si:H  films  deposited  at  200  °C  and  (b)  accumulated  heat 
flow  difference  between  a-Si;H  Aims  with  and  without  photoindiiced  network  changes. 


that  the  absorption  properties  of  a-Si;H  change  at  the  critical  temperature. 

The  sudden  change  at  575  °C  in  figures  3  and  4(a)  is  most  probably  caused  by  a 
crystallization.  Nano-crystals  reduce  the  refractive  index  and  make  the  film  opaque.  Since  a 
narrow  range  in  particle  size  is  responsible  for  the  strong  absorption,  a  low  ^^1500  value  is 
seen  in  a  narrow  temperature  range  in  figure  4(a).  The  XRD  spectrum  of  annealed  films 
also  indicated  crystallization  at  above  570  °C.  The  turning  points  in  figures  3  and  4  at  above 
570  °C  therefore  show  grain  growth. 

Changes  in  the  mother  network  in  the  annealed  film  with  temperature  were  investigated 
using  DSC  measurements.  A  typic:al  DSC  spectrum  is  shown  in  figure  5.  The  exothermic 
spikes  above  ~  570° C  are  most  probably  caused  by  grain  growth,  and  those  below  the 
crystallization  temperature  by  a  network  change  in  the  a-Si  (around  470  and  570  °C)  or 
a-Si;H  (below  470  °C).  A  different  DSC  spectrum  was  observed  for  each  measurement; 
however,  several  exothermic  peaks  were  observed  at  similar  temperatures:  225—250,  417, 
560,  575,  CIO,  and  670  °C.  The  exothermic  peak  at  225-250  °C  varies  from  run  to  run  but 
is  the  largest  signal  around  240  °C.  Since  this  characteristic  temperature  is  almost  the  same 
as  that  observed  in  figures  3  and  4,  the  thermal  characteristics  also  support  the  hypothesis 
that  fabrication  of  device-quality  a-Si:H  film  depends  on  network  changes.  Small  signals  at 
560  and  575  °C  presumably  correspond  to  the  crystallization  that  generates  sharp  changes 
in  optical  properties  as  shown  in  figures  3  and  4.  The  larger  signals  at  temperatures  above 
the  crystallization  temperature  in  figure  5(a)  most  probably  correspond  to  the  growth  of 
larger  grains.  The  exothermic  peak  at  670  °C  appears  to  correspond  to  the  critical 
temperature  of  680  °C  in  figures  3  and  4.  The  accumulated  heat  flow  difference  is  indicated 
in  figure  5(b).  Exothermic  peaks  located  in  a  range  of  190—192  °C  are  enhanced  by  the 
accumulation.  These  peaks  therefore  correspond  to  the  SWE. 

Frequent  change  in  the  network  is  observed  in  figure  5(a)  even  though  the  temperature  is 
well  below  the  crystallization  threshold.  This  suggests  a  possible  means  of  control  of  the 
crystalline  orientation  in  the  film  if  the  film  is  in  contact  with  a  seed  crystal.  Accordingly, 
isothermal  annealing  was  performed  with  a  (100) -oriented  Si  wafer  at  about  560  °C.  The 
XRD  spectrum  of  the  film  is  shown  in  figure  6.  It  is  well  known  that  a  crystallized  a-Si  film 
shows  (111),  (220)  and  (311)  peaks  in  its  XRD  spectrum,  but  no  (400)  peak.  The  (400) 
peak  in  figure  6  is  clearly  caused  by  the  (lOO)-oriented  seed  crystal. 
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Figure  6.  XRD  spectniiii  of  annealed  a-Si  film.  Tlie  sample  was  maintained  in  (contact  with 
a  (100)  seed  crystal  during  annealing. 

CONCLUSIONS 


We  have  stndied  clianges  in  th('  Si  lu'twork  structnn^  in  aniK'alcul  a-Si:H  films  from  tluar 
optical  and  thermal  proi)erties.  Oj)tical  {)ro])erties  W(‘re  obtained  from  interference  fringes  in 
the  transmittance  at  normal  incidence,  and  thermal  proi)erties  by  DSC.  The  optical 
prop('rtU‘s  show  differing  t<'m[jeratur('  dep('ndenc('  in  distinct  tenipc'ratnrc'  range's.  TIk' 
transition  teini)eratnres  of  240,  340.  and  450  °C  la'tween  tla'se  ranges  corresixmd  to  network 
changes  in  a-Si:H:  at  570  “C  to  crystallization:  and  at  680  to  grain  growth.  The  thermal 
properties  indicate  more  transition  temperatures  arising  from  network  changes.  We 
highlight  the  fact  that  the  SWE  is  related  to  network  changes  in  the  range  100  -  194  '’C. 
and  that  the  fabrication  of  device-cinality  a-Si:H  film  is  related  to  a  network  change  at 
around  240  °C.  Finally,  successful  solid-phase  seeding  has  l)ecn  demonstrated,  stimulated  by 
network  changes  in  a-Si  films  at  t('mi)eratnres  around  475  and  570  °C. 
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ABSTRACT 

MOS-like  structures  were  obtained  by  chemical  deposition  of  a  polycrystalline  PbS  thin  film  on 
top  of  a  silicon  dioxide/Si  substrate.  Gold  ohmic  electrodes  in  coplanar  configuration  were 
subsequently  deposited  by  vacuum  evaporation  on  PbS  surface  (drain  and  source  electrodes). 

The  gate  aluminum  electrode  was  deposited  on  the  back  of  the  Si  substrate.  The  dependence  of 
the  photoconductive  signal,  generated  in  the  PbS  film,  on  the  gate  voltage  was  studied  for 
wavelengths  ranging  between  800  nm  and  3000  nm  at  room  temperature  as  well  as  at  low 
temperatures.  It  was  found  that  the  relative  variation  of  the  signal  could  be  as  high  as  50  %  for 
gate  voltages  ranging  between  -30  V  and  +30  V.  Two  possible  mechanisms  are  proposed  to 
explain  the  signal  variation  with  the  gate  voltage:  1)  Variation  of  the  depleted  region’s  thickness 
in  the  PbS  film,  that  leads  to  a  variation  of  the  conduction  channel’s  resistance  (the  reference 
resistance  called,  also,  the  dark  resistance),  2)  The  possible  variation  of  the  majority  carriers 
(holes)  life-time  due  to  the  electron  blocking  at  the  PbS/oxide  interface  when  positive  gate 
voltages  are  applied  on  the  back  electrode.  Integrated  IR  detectors  with  controlled  sensitivity  in 
the  800-3000  nm  range  can  be  manufactured  at  a  relatively  low  cost  using  the  PbS/oxide/Si 
MOS-like  structure. 

INTRODUCTION 

Lead  sulfide  (PbS)  is  a  A4B6  semiconductor  compound  with  very  good  photoconductive 
properties  in  the  near  infrared  (NIR)  spectrum.  The  sensitivity  domain  at  room  temperature  is 
600-3000  nm,  with  a  maxima  at  around  2200-2400  nm  [1,2].  The  standard  method  used  to  obtain 
PbS  thin  films  with  good  IR  detection  properties  is  the  Chemical  Bath  Deposition  (CBD)  [3-5]. 
Other  technique  that  started  to  be  used  in  the  last  years  for  producing  PbS  based  optoelectronic 
devices  (laser  diodes)  is  the  hot  wall  epitaxy  [6]. 

PbS  films  are  mainly  used  to  produce  high  sensitivity  photoconductive  cells  for  NIR.  The 
spectral  sensitivity  could  be  as  high  as  10*^  cmW'^Hz^^^  at  maximum  wavelength  [7].  Even  PbS 
was  intensively  studied  in  the  past,  being  considered  as  the  tamplate  of  polycristalline 
semiconductor  compounds,  further  studies  are  under  way  on  this  material  in  the  last  years.  The 
main  target  of  these  are:  1)  to  clarify  the  connection  between  bath  composition,  film  morphology 
and  physical  properties  of  the  film  [3,8-10];  2)  to  integrate  PbS  IR  detectors  with  standard 
semiconductor  technology  [11,12];  3)  to  developed  new  types  of  heterojunctions  and 
heterostructures  with  enhanced  detection  properties  by  combining  PbS  with  other  materials 
(semiconductors  or/and  dielectrics)  [11-13].  The  last  direction  of  research  is  particulary 
interesting  because  offers  the  possibility  to  manufacture  different  type  of  devices,  including  field 
effect  ones  [14]. 

The  paper  continue  the  study  of  field  effect  assisted  photoconductivity  started  in  our  group  in  the 
last  5  years  [14,15].  It  presents  an  enhanced  PbS  based  heterostructure,  obtained  by  deposition  of 
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a  PbS  layer  on  a  Si02/Si(n-type)  substrate.  A  MOS-like  structure  was  manufactured  and  the 
influence  of  the  field  effect  on  the  photoconductive  properties  of  PbS  film  were  investigated. 

EXPERIMENTAL  DETAILS 

The  Si02  layer  was  grown  on  single  crystalline  n-type  Si  wafers.  The  thermal  oxidation  in 
oxygen  and  water  vapors  at  850  V  was  used.  The  final  thickness  of  the  Si02  layer  was  of  about 
250  nm.  The  PbS  film  was  deposited  by  CBD  method,  using  lead  nitrate  (Pb(N03)2)  as  Pb^^  ions 
source  and  thioureea  as  S'"  ions  source.  The  deposition  is  performed  in  alkaline  medium,  using 
natrium  hydroxide  (NaOH),  the  starting  solution  pH  being  1 1.  Small  amounts  of  a  reducing  agent 
(hydroxilamine  chlorhidrate)  and  of  a  Bi  .salt  are  introduced  in  the  bath  in  order  to  control  the 
nucleat ion/growth  process  during  the  deposition  of  the  PbS  layer.  The  PbS  film  is  then 
photolitographic  processed,  leaving  an  area  of  2.5x3.5  mm^.  Gold  electrodes  are  vacuum 
evaporated  on  PbS  surface,  the  final  active  area  being  of  1 .5x1.5  mm^  After  electrode 
deposition,  the  PbS  films  are  aged  at  80  for  about  80  hours,  in  air.  The  final  structure  is 
schematically  presented  in  fig.  1,  together  with  the  electric  .set-up  used  for  field  effect  assited 
photoconductivity  measurements. 

The  sample  was  introduced  in  the  closed-cycle  He  cryostat  with  IR  optic  facilities  and  the 
measurements  were  performed  in  modulated  light,  using  the  standard  set-up  composed  by  a 
gratling  monochromator  model  Spex270,  a  lock-in  amplifier  model  SR830DSP,  a  d.c.  voltage 
source  (2  channels)  model  Grundig  300,  an  incandescent  lamp  as  an  IR  source  (30  W  nominal 
electric  power)  and  a  mechanical  chopper  mode!  Ithaco  383A.  The  value  of  the  load  resistance 
was  500  kohm. 


A1  Si 


Gate 


Fig.  1  The  schematic  of  the  pscudo-MOS  PbS/Si02/Si  structure  and  of  the  electrical  set-up  used 
for  field  effect  assisted  photoconductivity  measurements.  Vj  -  drain  voltage;  Vg-  gate  voltage; 
Rl  -  load  resistance. 
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RESULTS  AND  DISCUSSION 


In  fig.  2  the  spectral  distribution  of  responsivity,  for  different  polarities  and  values  of  the  gate 
voltage,  are  presented.  The  responsivity  is  defined  as  the  ratio  between  the  measured  signal  S, 
expressed  in  Volts  (V),  and  the  incident  power  Pine  on  the  detector  surface,  expressed  in  Watts 
(W): 

=  (1) 

The  drain  voltage  was  in  all  cases  +30  V.  The  open  square  curve  was  obtained  for  floating  gate 
(the  gate  electrode  is  not  connected).  It  can  be  observed  that  for  positive  gate  voltages  the  signal 
increases  and  for  negative  gate  voltages  decreases  on  the  entire  sensitivity  range  of  PbS.  We 
remind  that,  for  photoconductive  measurements,  a  d.c.  voltage  is  applied  on  the  drain  electrode 
while  the  signal  is  collected  from  the  load  resistance  connected  to  the  source  electrode. 


Fig.  2  Spectral  distribution  of  responsivity  in  case  of  PbS/Si02/Si  heterostructures,  for  different 
gate  voltages.  Open  squares-floating  gate;  Solid  squares-ground  gate;  Solid  triangles- Vg=+30  V; 
Open  triangles- Vg=-30  V.  Drain  voltage  was  +30  V. 

The  wavelength  was  then  set  to  a  certain  value  (1000  nm  and  2000  nm)  and  the  room 
temperature  dependence  of  the  photoconductive  signal  on  the  gate  voltage  was  raised.  The 
obtained  results  are  presented  in  fig.  3.  The  dependence  is  almost  linear  up  to  about  Vg  =  15  V 
and  then  has  the  tendency  to  saturate. 

Finally,  the  temperature  dependence  of  the  photoconductive  signal  was  raised  for  different  gate 
voltages  (see  fig.  4). 
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Fig,  3  The  dependence  of  the  photoconductive  signal  on  the  gate  voltage. 


Fig.  4  The  temperature  dependence  of  the  photoconductive  signal,  determined  for  different  gate 
voltage:  1 )  0  V  gate  voltage;  2)  +30  V  gate  voltage;  3)  -30  V  gate  voltage.  The  drain  votage  waf 
+30  V  in  all  cases.  The  light  was  collimated  on  the  transparent  IR  window  of  the  cryostat. 


From  fig.  2,3  and  4  it  can  be  seen  that  the  photoconductive  signal  increases  for  positive  gate 
voltage  and  decreases  for  negative  ones,  no  matter  the  wavelenght  and  temperature  (at  least  in 
the  150-300  K  domain).  This  behaviour  can  be  explained  if  the  influence  of  the  field  effect  on 
the  photoconductivity  of  PbS  film  is  taken  into  consideration.  The  field  effect  is  favourised  by 
the  existence  of  the  thin  Si02  layer  that  is  present  between  the  two  semiconducting  materials. 
There  are  two  ways  by  which  the  gate  voltage  can  change  the  photoconductive  signal: 
a)  Changing  the  apparent  „thickness“  of  the  PbS  film.  When  the  gate  is  positive  the  two 

interfaces  (PbS/SiOz  and  Si02/Si)  go  to  depletion.  In  this  case  the  PbS  layer  can  be  regarded 
as  being  composed  of  2  distinct  layers:  the  depleted  layer,  that  has  no  free  charges  and,  thus, 
no  current  is  flowing  through  it;  the  surface  conductive  layer.  When  increasing  the  gate 
voltage  Vg,  the  thickness  of  the  depleted  layer  increases  and  that  of  the  conductive  layer 
decreases.  These  changes  lead  to  an  increase  of  photoconductive  signal  according  with  the 
formula: 


Av  =  - 


Act  1 


(i?,+ 


d-Xp 


_y  <7  d  Xpfj^ 


(2) 


where:  where:  Aa  is  the  electric  conductivity  variation  of  PbS  film  when  it  is  exposed  to  light;  a 
is  the  dark  electric  conductivity  of  PbS  film;  xpbs  is  the  thickness  of  space  charge  region  in  PbS 
in  dark  condition;  Xpbs’  is  the  thickness  of  the  space  charge  region  in  PbS  when  the  film  is 
exposed  to  light;  p  is  the  resistivity  of  the  PbS  film;  Vd  is  the  drain  voltage;  d  is  the  total 
thickness  of  the  PbS  film.  The  quantities  Xpbs  and  xpbs‘  will  depend  on  the  gate  voltage  [16]  (will 
increase  with  increasing  Vg).  xpbs‘  will  depend  also  on  the  concentration  of  the  photogenerated 
carriers,  as  well  as  Aa.  Anyway,  the  dependence  of  the  photoconductive  signal  on  the  gate 
voltage  will  be  similar  with  that  presented  in  fig.  3. 

b)  Changing  the  carriers  life-time.  When  positive  gate  voltage  is  applied  electrones  will  be 
attracted  to  the  PbS/Si02  interface,  thus  the  photogenerated  holes  life-time  will  increase  and 
same  will  do  the  photoconductive  signal,  according  with  the  following  formula  [17]: 


(3) 


where:  T|  is  the  quantum  efficiency;  Popt  is  the  incident  optical  power;  hv  is  the  energy  of  the 
incident  light;  Pn  is  the  carrier  mobility  (holes  in  this  case);  x  is  the  life-time;  E  is  the  longitudinal 
applied  electric  field;  L  is  the  distance  between  coplanar  electrodes  from  the  surface  of  PbS  film. 
If  the  gate  voltage  is  negative  then  holes  will  be  attracted  at  the  PbS/Si02  interface.  Thus  the 
electron  concentration  in  the  conductive  channel  will  increase,  the  recombination  probability  will 
be  higher  and  the  life-time  of  photogenerated  holes  will  decrease,  leading  to  a  smaller 
photoconductive  signal. 

In  our  oppinion  the  first  mechanism  is  dominant  for  relatively  small  gate  voltages,  may  be  up  to 
10  or  15  V.  After  that,  some  inversion  can  occur  at  the  PbS/Si02  interface.  In  this  case,  further 
increasing  of  the  gate  voltage  will  have  little  effect  on  the  photoconductive  signal  because  the 
negative  charge  accumulated  at  the  PbS/Si02  interface  will  not  allow  other  electrones  to  be 
attracted  there.  This  could  explain  why  with  increasing  the  positive  gate  voltage  the  signal  has 
the  tendency  to  saturate. 
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CONCLUSIONS 


A  pseudo-MOS  structure  was  developed  on  the  basis  of  a  PbS/Si02/Si  heterostructure.  It  was 
both  experimentally  and  theoretically  shown  that  the  photoconductivc  signal  can  be  controlled  by 
field  effect.  On  a  wide  range  of  wavelengths  and  temperatures  the  signal  variation  can  be  as  high 
as  50  %.  From  the  detection  point  of  view  the  most  important  thing  is  that  the  photoconduct  ive 
signal  can  be  increased  with  almost  25%  if  positive  gate  voltages  are  applied  on  the  structure. 
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Abstract 

A  strong  electron-phonon  interaction  observed  in  semiconductors  allows  to  realize  a 
special  kind  of  atomic  rebuilding  under  photo-irradiation  of  the  medium.  We  consider 
three  types  of  defective  structures:  one  atomic,  two-atomic  (“dump-bell”)  and  multi- 
atomic  (kinks)  defects.  It  is  shown  that  an  inversion  effect  of  the  defect  potential  term 
may  be  realized  if  there  are  non-equivalent  neighboring  positions  of  one-atomic 
and  two-atomic  defects.  In  this  case  the  photo-excitation  of  electronic  subsystems  of 
these  defects  leads  to  an  inversion  of  potential  terms  and  a  consecutive  athermal 
rebuilding  of  the  defective  structures.  The  Yahn-Teller  effect  and  psevdo-effect  play  a 
special  role  here.  It  is  shown  for  kink- structures  that  the  photo-excitation  of  the 
electronic  subsystems  results  in  the  alteration  of  kink  nonius  and  the  successive 
exponentially  strong  decrease  of  an  activation  barrier.  Especially  effects  of  athermal 
atomic  rebuilding  of  U-negative  defects  are  considerable. 


Introduction 

The  possibility  of  stimulating  atomic  processes  with  electronic  excitations  is  a 
new  aspect  of  defect  process  physics.  After  the  excitation  of  electronic  subsystem  the 
relaxation  of  this  energy  to  the  atomic  degrees  of  freedom  can  lead  to  the  atomic 
rebuilding  with  certain  probability.  Electron-stimulated  atomic  rebuildings  (ESAR) 
[1,2]  based  on  a  strong  electron-phonon  interaction  are  well  known  in  semiconductors 
of  covalent  and  ionic  characters.  Types  of  such  electronic-stimulated  atomic 
rebuildings  are  rather  wide  and  they  can  be  subdivided  into  the  small-scale  and  large- 
scale  ones  according  to  the  quantity  of  defects  involved  into  the  atomic  processes.  In 
this  work  three  models  of  ESAR  based  on  different  defects  are  considered  in  such 
systems. 
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1.  Photo-stimulated  dlfTusion  of  one-atomic  defect 

Let  us  consider  one-valent  positively  charged  impurity  atom  (or  host  interstial 
atom)  introducing  a  deep  local  level  into  the  forbidden  band  of  electronic  spectra.  At 
photo-irradiation  free  electron  and  hole  are  produced.  This  electron  could  be  trapped 
on  the  deep  local  level  and  deform  the  crystal  around  it.  The  impurity  atom  is 
suggested  to  interact  with  neighbor  host  atoms  with  the  following  potential 


V{r)  =  Ujr)  +  U„M), 


(l.I) 


where  UTcp(r)  is  the  repulsive  energy  between  the  ion  and  the  neighbor  host  atoms, 
Uanr(r)  is  the  attractive  energy  between  them. 

The  total  energy  of  the  “crystal  +  impurity”  system  for  two  sites  of  symmetry 
with  respect  to  the  neighbor  host  atoms  is  defined  by  the  formulas 


The  activation  energy  of  defect  for  its  diffusion  will  then  be  given  by  [3] 

=  \V  '"(r)- 1/  «’(r)  =  |a(/„,  (,')  +  (,-| 

Lrep(r)  is  estimated  by  means  of  Born-Mayer's  equation: 


W-r 

^rcph')  =  ^e  ^  .  (1.4) 

where  A  is  the  scalar  factor,  is  the  effective  radius  of  the  ho.st  atom,  /y  is  the  ionic 
radius  of  the  impurity,  r  is  the  distance  between  them,  and  constant  p  determines  how 
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rapidly  the  repulsion  falls  off  with  distance.  VatiAr)  is  connected  with  the  effects  of 
media  polarization  by  the  impurity: 


[3],  (1.5) 

If  I  AUrep  frj  I  >  I  AUa„r(r)  \ ,  then  the  equilibrium  state  of  impurity  will  be  the  site  (2), 
and  the  site  (1)  will  be  the  saddle  point. 

The  electron  produced  by  photons  can  be  trapped  by  the  impurity.  In  this  case 
according  to  the  theory  of  auto-localization  [4]  neighbor  atoms  around  the  electron 
are  deformed  with  the  deformation  potential  which  is  defined  from  the  equation 


=  (1.6) 

Here  p(r)  is  the  relative  variation  of  volume,  a  is  the  constant  of  deformation 
potential,  k  is  the  elastic  constant,  \|r(r)  is  the  wave  function  of  the  localizing  electron. 
To  estimate  the  total  energy  of  the  “crystal-i-electron+impurity”  system  we  have  used 
the  following  expression  taking  into  account  a  role  of  acoustic  and  optical  phonons  in 
the  electron-phonon  interaction  [5] 

E{ju)  =  Lm^  -Bfi  (1-7) 


Here  p  is  the  parameter  of  localization  of  the  electronic  wave  function: 


'P(r)  = 


'//V2 


exp 


C7"  „  Z^">/2 


2m* a"  *  2ka^  Ea  a£ 

Interaction  between  the  electron  and  the  acoustic  vibrations  leads  to  the  deformation 
of  crystal  at  total  localization  of  the  electron,  p=l.  In  such  case  the  repulsive  energy 
of  the  impurity  with  neighbor  atoms  can  be  changed.  For  a  large  ion  the  repulsive 
energy  will  dominate  I  AUrep(r)  I  >  I  AUattr(r)  I  and  its  activation  energy  of  diffusion 
will  then  be  defined  essentially  by  the  difference  of  the  repulsive  energies  at  the  two 
sites.  Therefore  we  can  define  the  activation  energy  for  its  diffusion  in  the  case  of 
electron  autolocalization 
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Thus  it  is  clear  from  (1.8)  that  decreasing  the  activation  energy  of  the  defect  is 
real  at  the  electron  localization  in  semiconductor, 

2.  Photo-stimulated  diffusion  of  dumbbell  defect 

Semiconductor  media  is  considered  to  contain  a  “dumb-bell”  defect  (two- 
atomic  defect).  It  is  well-known  [6],  that  the  highest  engaged  molecular  orbital 
(MEMO)  and  the  lowest  empty  molecular  orbital  (LEMO)  arc  of  even  (|g>)  and  odd 
(|u>)  characters,  accordingly.  These  states  are  mixed  as  a  result  of  the  electron-ionic 
interaction.  If  the  perturbation  potential  is  defined  by  the  equation 


1/  'V'  r\  ^  XT' 


using  the  Brulluen-Vigner's  perturbation  theory  at  the  condition  of 
<  >  /(f  -  £, )  <  1  will  give  the  following  formula  for  total  energy  of  the  .system 


.  I  <uV g  > 

i  =  £,r+<  - — R—  (2.2) 

£  -£^^-  <u\v\u  > 

It  leads  to  two  terms  with  variable  catching  quantities  of  Qp  and  Qu.  The  value  of  total 
energy  for  the  ground  term  allows  us  to  estimate  the  radius  of  non-stability  zone 
(NSZ)  for  a  displacement  of  the  dump-bell  defect  as  whole 
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where  a  is  the  distance  between  two  interstitial  sites. 

Let  us  turn  to  the  effects  of  laser-stimulation  of  the  dumbbell  defect  difftision. 
The  defect  is  considered  to  be  located  in  the  interstitial  site  at  low  temperatures  and 
the  quantum  number  of  valence  vibrations  tends  towards  zero:/V,,  ^0.  The  valence 
vibration  amplitude  begins  to  increase  under  the  influence  of  laser.  After  compressing 
the  molecule  to  the  size  of  R*  the  transference  non-stability  condition 

appears  {do  is  the  equilibrium  length  of  the  defect  bond).  The  transference  to  the 
neighbor  interstitial  position  will  be  realized  if  the  valence  vibrations  are  excited  to 
the  following  threshold  energy 


(2.5) 


Here  T+  is  the  minimal  time  of  impulse  accumulation  [2].  The  time  necessary  for 
leaving  ZNS  is  defined  by  f  ==  <2^!  where  (Ob  is  the  frequency  of  the 

valence  vibrations.  In  this  case  a  radiation- stimulating  diffusion  coefficient  is  defined 
by  D  ~a^  If  (it  can  reach  a  value  of  10'^  sm^/sec). 
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3.  Photostimulated  difTusion  of  crowdion  structure 

Let  us  consider  a  crowdion  structure  characterized  by  its  nonius.  It  is  well- 
known  [7]  that  the  barrier  for  collective  movement  of  the  crowdion  exponentially 
depends  upon  its  nonius  of  W„ 

2.,  (3.1) 

where  Ql  is  the  diffusion  barrier  of  one-atomic  defect.  Let  an  electron  be  trapped  on 

the  crowdion.  The  total  energy  of  such  system  in  the  continuous  approach  is  defined 
by  the  sum  of  potential  energies 


E,(u(x}}  =  £/  +  £,  + 


(3.2) 


Here  £^  =  {fa^^  I2)^idu{x)l(ixf  dx  is  the  potential  energy  of  atoms  in  the  interacted 
chain,  f  is  the  elasticity  coefficient,  £,,  =  (1/a)  Jt/{//(A)}^/A'  is  the  potential  energy  of 

the  crowdion  in  a  field  of  lining;  £^.  =  j[(/?  V2mj(aT/av)‘dv  + is  the 

electron  energy  localized  on  the  crowdion,  u(x)  is  the  medium  displacement  in  the 
crowdion  wave,  y(x)  is  the  electron  wave  function.  If  the  option  of  the  potential 
energy  of  lining  is  the  Eshelbi  potential  [8]  of  U(u)  =  16uo(u/a)^  (1  -  (u/a))^  and  the 
option  of  u(x)  is  the  variation  function  of  u(x)  =  (a/2)[1  -  th(px/a)l,  besides 
=  -  S  (3u/3x),  then  we  have  the  equations 


o 

I,  (  \  4  f/. 


-(l  +  2n)-f-jl-H 


trjj 


(3.3) 


4.S2 


The  equilibrium  value  of  nonius  of  W  =  2a/|X  is  slightly  found  from  the 
condition  5E,(q)/3|Li  =  0,  We  have  the  following  expression  at  E  =  0  (the  crowdion 
without  electron)  for  the  crowdion  nonius 


=  — 
Mq 


a 


(3.4) 


For  the  case  of  strong  bond  0/|lo»  1  under  the  condition  1<  ()lio/16  -  3^)|io  - 
-  (9^0'^)  ,  where  0  =  E  /  (hV4mea^),  \U)  =  2fa^AJo,  ^  =  IVSUo ,  the  electron 

localization  on  the  crowdion  increases  its  nonius. 

We  can  estimate  that  and  receive  in  final 


1  — 


16 


2  + 

2^1/2 


(3.5) 


As  a  result  of  that  we  can  determine  the  barrier  of  the  collective  movement  of  the 
crowdion  by  the  following  formula 


Qn,  =Qrn^M 


1- 


16 


2  +  -^//P 

2^1/2 


(3.6) 


It  is  well  known  that  the  crowdion  movement  can  model  a  number  of  more 
complicated  atomic  rebuildings  (dislocation  bend  movement,  inter-phase  border  and 
et.  al.).  Therefore  the  analyzed  relief  to  such  collective  defect  as  a  crowdion  to 
migrate  has  its  wide  application. 
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ABSTRACT 

The  luminescence  properties  of  erbium  oxide  grown  on  crystalline  and  amorphous  silicon 
substrates  were  studied  by  means  of  photo-  and  cathodoluminescence  techniques.  Differences  in 
the  luminescence  spectra  for  samples  grown  on  the  two  types  of  substrates  used  are  explained  in 
terms  of  the  different  types  of  erbium  centers  formed  by  taking  into  account  the  substrate 
properties  and  the  thermal  treatments  during  growth.  For  comparison,  erbium  implanted  and 
oxygen  coimplanted  crystalline  and  amorphous  silicon  have  been  also  investigated  by 
luminescence  techniques.  In  the  implanted  samples,  the  sharp  transitions  from  erbium  ions  in  the 
visible  range  were  quenched  and  the  main  emission  corresponds  to  the  intraionic  transitions  in 
Er^"^  ions  in  the  infrared  range  peaked  at  1,54  pm. 

INTRODUCTION 

The  efficiency  of  luminescence  emission  associated  to  the  intraionic  Er^"^  radiative 
transitions  in  different  matrix  is  related  to  the  mechanism  of  energy  transfer  from  the  hosts  to  the 
complexes  formed  by  erbium  and  the  surrounding  atoms  [1,2].  The  presence  of  other  codopant 
elements  in  the  Er  neighborhood  as  well  as  the  structure  of  the  host  matrix  was  found  essential  in 
determining  the  Er  complexes  formation  [3,  4].  The  presence  of  oxygen  in  the  neighborhood  of 
the  erbium  ions  causes  a  strong  enhancement  of  the  efficiency  of  Er  emission  at  1.5pm 
wavelength  [5],  Other  luminescence  bands  of  the  Er  related  transitions  from  visible  to  infrared 
range  could  be  observed  by  a  selective  excitation. 

In  this  work,  the  influence  of  the  host  matrix  and  of  the  excitation  energies  on  the 
luminescence  emission  of  erbium  oxide  grown  on  amorphous  and  crystalline  substrates  was 
investigated.  The  techniques  used  were  photoluminescence  (PL)  and  cathodoluminescence  (CL) 
in  the  scanning  electron  microscope.  The  different  emission  bands  detected  are  suggested  to  be 
originated  at  different  types  of  Er  centers  formed  in  the  erbium  oxide  overlayer. 

EXPERIMENTAL  DETAILS 

Two  sets  of  erbium  doped  silicon  samples  were  investigated:  erbium  deposited  and 
erbium  implanted  silicon  films.  In  the  former  case,  erbium  vapor  was  deposited  on  amorphous 
and  crystalline  silicon  substrates  and  the  samples  were  then  submitted  to  a  thermal  treatment  at 
950  -C  during  1  hour  in  oxygen  or  nitrogen  atmosphere.  On  the  other  hand,  crystalline  and 
amorphous  silicon  substrates  were  implanted  with  200  keV  ^^^Er  ions  at  doses  of  5  x  lO'^ 
ions/cm^.  Some  of  the  amorphous  silicon  substrates  were  coimplanted  with  200  keV  Er  ions  and 
40  keV  ions  at  doses  of  5  x  10^^  and  lO'^  ions/cm^  respectively.  All  the  implanted  samples 
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Table  I.  Summary  of  the  samples  investigated. 


(a)  Er  deposited  samples 


Er  deposited 
samples 

substrate 

annealing 

atmosphere 

c-Si/Er/0 

crystalline 

oxygen 

a-Si/Er/0 

amorphous 

oxygen 

a-Si/Er/N 

amorphous 

nitrogen 

(b)  Er  irnplanted  samples 


Er  implanted 
samples 

substrate 

ion 

implantation 

c-Si:Er 

crystalline 

Er 

a-Si:Er 

amorphous 

Er 

a-Si:Er,0 

amorphous 

Er,0 

were  submitted  to  a  rapid  thermal  annealing  (RTA)  process  at  1000"C  for  15  s.  A  summary  of 
the  samples  investigated  in  this  work  and  their  corresponding  labels  is  displayed  in  table  I. 

All  the  samples  were  observed  in  the  CL  mode  of  operation  in  a  Hitachi  S2500  SEM  in 
the  temperature  range  of  80  -  300  K  and  at  accelerating  voltage  of  20  kV.  For  the  detection  of 
visible  light  a  Hamamatsu  R-928  photomultiplier  was  used  while  for  the  near  infrared  light  a 
cooled  ADC  germanium  detector  was  employed.  The  PL  measurements  were  performed  with  a 
CD-900  spectrometer  system  from  Edinburgh  Instruments.  Samples  were  cooled  at  10  K  in  a 
closed  cryostat.  The  excitation  sources  were  a  Hc-Cd  laser  of  325  nm  and  422  nm  wavelengths 
with  an  excitation  power  of  50  mW  and  an  Ar-ion  laser  (lines  457.9  nm,  488  nm  and  5 14.5  nm) 
with  an  excitation  power  of  20  mW. 

RESULTS  AND  DISCUSSION 

Due  to  the  low  diffusivity  of  erbium  in  silicon  the  applied  treatment  leads  to  the 
formation  of  a  thin  film  of  erbium  oxide  overlayer  on  the  sample.  In  order  to  get  a  better 
understanding  of  the  luminescence  results,  we  have  first  studied  the  light  emission  from  erbium 
oxide  pure  powders.  Figure  1  .shows  the  PL  .spectra  obtained  at  10  K  from  Er^O.^  in  the  visible 
range  (figure  la)  and  in  the  infrared  range  (figure  lb).  All  the  peaks  arc  attributed  to  intraionic 
transitions  from  different  excited  levels  in  the  Er^^ions  to  the  fundamental  state  [6].  The  set  of 
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Figure  1.  (a)  PL  spectrum  from  erbium  oxide  powder  in  the  visible  range.  The  excitation 
wavelength  was  325  nm.  (b)  PL  spectrum  from  erbium  oxide  powder  in  the  infrared  range.  The 
excitation  wavelength  was  488  nm. 
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Figure  2.  (a)  CL  spectra  from  Er  deposited  samples  at  90  K.  The  acceleration  voltage  was  20 
keV.  (b)  PL  spectra  from  Er  deposited  samples  obtained  at  10  K. 

sharp  peaks  around  1.54  p.m  has  received  more  attention  in  the  literature  in  view  of  further 
applications  in  optoelectronic  devices  and  it  has  also  been  obtained  when  Er  ions  are  embedded 
in  other  semiconductor  matrix  [7,8]. 

Figure  2  shows  the  CL  and  PL  spectra  in  the  visible  range  from  the  erbium  deposited 
silicon  samples.  CL  spectra  show  blue,  green  and  red  bands.  The  green  band  dominates  the  CL 
spectra  at  90  K  in  all  samples,  with  crystalline  or  amorphous  substrates,  (figure  2a),  but  at  room 
temperature  the  main  CL  emission  from  the  c-Si/Er/O  sample  corresponds  to  the  red  band,  as  we 
have  reported  in  a  previous  work  [9].  These  green  and  red  bands  are  due  to  intraionic  Er 
transitions  and  the  observed  trend  has  been  previously  reported  by  Jaba  et  al.  in  other  host  matrix 
[10].  The  fact  that  similar  spectra  are  obtained  for  amorphous  substrates  treated  in  O  and  in  N 
atmospheres  while  differences  are  found  between  amorphous  and  crystalline  substrates,  suggests 
that  the  formation  of  erbium  oxide  is  determined  by  the  oxygen  content  of  the  substrate  rather 
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Figure  3.  PL  spectra  from  Er  implanted  silicon  substrates,  at  10  K  in  the  infrared  range.  The 
excitation  wavelength  was  488  nm. 
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Figure  4,  (a)  CL  spectra  from  Er  implanted  on  amorphous  silicon  and  crystalline  silicon,  and 
coimplanted  with  Er  and  O.  (b)  PL  spectra  from  amorphous  implanted  substrates. 

than  the  atmosphere  during  the  treatment.  The  amount  of  oxygen  provided  by  the  substrate 
during  growth  could  influence  the  defect  structure  of  the  layer  and  hence  its  emission  properties. 
The  difference  among  the  samples  grown  on  amorphous  and  crystalline  substrates  is  also  clearly 
observed  in  Figure  2b.  Under  a  325  nm  laser  excitation,  all  deposited  samples  show  a  dominant 
broad  blue  band  at  about  400  nm  with  a  shoulder  peaked  around  540  nm  (figure  2b).  When  we 
excited  with  the  line  488  nm  of  the  Ar  laser,  no  significant  PL  signal  is  detected  from  erbium 
deposited  on  crystalline  substrates,  while  for  the  amorphous  substrates  a  sharp  peak  at  540  nm  is 
clearly  revealed  in  accordance  with  the  CL  spectra.  The  differences  between  PL  and  CL  spectra 
were  attributed  to  the  different  excitation  energies  used  in  both  kinds  of  experiments  and  to  the 
more  selective  character  of  the  PL  excitation. 

In  the  infrared  range,  the  CL  signal  was  too  low  to  record  spectra  with  our  experimental 
system.  PL  emission  from  deposited  samples  changes  markedly  depending  on  the  specific 
substrate  used.  Figure  3  displays  the  PL  spectra  from  the  three  erbium  deposited  samples.  We 
observe  a  broad  band  around  1,25  -  1.30  pm  in  samples  which  were  submitted  to  a  thermal 
treatment  in  oxygen  atmosphere.  This  band  .seems  to  be  rather  independent  on  the  substrate  and 
its  maximum  shifts  towards  lower  energies  when  the  temperature  increases,  similar  as  a  near 
band  edge  emission.  The  origin  of  this  band,  which  is  not  present  in  erbium  oxide  powder,  could 
be  related  to  defects  involving  oxygen  introduced  in  the  overlayers  during  the  thermal  treatment. 
The  emission  from  erbium  ions,  pKjaked  at  1.54  pm  is  well  defined,  but  with  low  intensity,  in  the 
case  of  amorphous  sub.strates.  For  crystalline  substrates,  however,  a  strong  emission  at  1,54  pm 
in  form  of  a  complex  band  is  observed.  This  result  sugge.sts  that  in  the.se  films  the  erbium  oxide 
could  present  a  different  stoichiometry,  Ei^Ox.lhan  the  oxide  Ei^O.i. 

The  luminescence  results  from  Er  implanted  and  Er  and  O  coimplanted  silicon  substrates 
are  shown  in  figure  4.  In  Fig  4(a)  the  CL  spectra  is  presented,  whereas  in  Fig.  4(b)  PL  spectra  arc 
shown.  In  all  implanted  samples  we  observe  contributions  from  the  matrix  to  the  luminescence 
spectra  both  in  crystalline  and  amorphous  substrates.  From  PL  measurements  corre.sponding  to 
excitation  with  the  line  488  nm  of  the  Ar  laser,  no  significant  emission  has  been  detected  which 
shows  that  the  green  and  red  bands  observed  in  erbium  deposited  samples  have  been  quenched 
during  implantation.  The  CL  spectra  arc  also  similar  to  PL  spectra,  with  broad  blue  band  and 
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Figure  5.  PL  spectra  at  10  K  in  the  infrared  range  of  implanted  and  coimplanted  samples  on 
amorphous  substrates. 

only  in  the  case  of  crystalline  substrates  a  green  shoulder  is  appreciated  in  the  CL  spectra.  In  the 
infrared  range,  the  strongest  emission  corresponds  to  Er  and  O  coimplanted  amorphous  silicon 
and  subsidiary  peaks  near  1.54  pm  were  clearly  resolved. 

CONCLUSIONS 

In  summary,  luminescence  properties  of  erbium  deposited  and  erbium  implanted  in 
different  silicon  substrates  have  been  studied.  In  erbium  deposited  samples  the  main  contribution 
to  the  luminescence  comes  from  the  erbium  oxide  overlayer  formed  at  the  surface.  In  the  visible 
range,  depending  on  the  excitation  source  different  peaks  related  to  intraionic  transitions  in 
erbium  ions  appear  in  the  luminescence  spectra.  In  the  infrared  range,  the  1.54  pm  peak 
interesting  for  optoelectronic  applications,  only  dominates  in  the  case  of  crystalline  substrates 
and  as  a  broad  band.  A  defect  related  band  in  1.2  -  1.3  pm  range  is  also  observed  in  oxygen 
treated  samples.  On  the  other  hand,  Er  and  O  coimplanted  silicon  leads  to  the  most  efficiently 
emission  of  the  1,54  pm  peak. 
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ABSTRACT 

InAs/AlGaAs  quantum  dot  infrared  photodetectors  based  on  bound-to-bound  intraband 
transitions  in  undoped  InAs  quantum  dots  are  reported.  AlGaAs  blocking  layers  were  employed 
to  achieve  low  dark  current.  The  photoresponse  peaked  at  6.2  pm.  At  77  K  and  -0.7  V  bias  the 
responsivity  was  14  mA/W  and  the  detectivtiy,  D*,  was  10^^  cmHz^'^/W. 

INTRODUCTION 

Mid  and  far- infrared  (3-20  pm)  detection  is  a  key  technology  for  numerous  commercial, 
military  and  space  applications,  e.g.,  night  vision,  thermal  imaging,  chemical  analysis,  non¬ 
destructive  detecting,  remote  sensing,  and  missile  guidance  and  defense.  Due  to  the  long  carrier 
capture  and  relaxation  times,  quantum  dot  infrared  photodetectors  (QDIPs)  have  the  potential  for 
lower  dark  current  and  higher  photoresponse  than  quantum  well  infrared  photodetectors 
(QWIPs).  Most  importantly,  the  three-dimensional  confinement  of  electrons  in  the  quantum  dots 
permits  QDIPs  to  operate  in  the  normal  incidence  mode,  unlike  QWIPs  which  are  not  sensitive  to 
radiation  that  is  incident  perpendicular  to  the  quantum  wells  [1].  To  date,  there  have  been  several 
papers  on  InAs/GaAs,  InGaAs/GaAs  and  InGaAs/InGaP  QDIPs  [2]-[10].  Most  of  the  devices 
employed  a  doped  active  region,  which  resulted  in  high  dark  current.  In  this  paper,  we  report  an 
InAs/GaAs  QDIP  with  unintentionally  doped  active  region  and  AlGaAs  barrier  layers  (sample 
A).  The  AlGaAs  layers  act  as  a  blocking  layer  [6]-[10]  for  dark  current,  as  first  demonstrated  in 
Ref.  6.  The  devices  reported  here  have  demonstrated  low  dark  current,  low  noise,  and  high 
detectivity. 

DEVICE  STRUCTURES  AND  FABRICATIONS 

The  InAs  QDIPs  studied  in  this  work  belong  to  the  class  of  n-i-n  structure  QDIPs  (Figure 
1)  under  examination  by  us  [6]  [7].  The  samples  were  grown  on  semi-insulating  GaAs  (001) 
substrates  by  solid-source  molecular  beam  epitaxy.  Five  layers  of  3  monolayer  (ML)  InAs 
quantum  dots  were  inserted  between  highly  Si-doped  top  and  bottom  GaAs  contact  layers.  The 
punctuated  island  growth  technique  was  used  to  grow  the  quantum  dots  [11].  The  GaAs  spacer 
layers  between  the  contact  layers  and  the  nearest  quantum  dot  layer  had  a  thickness  of  2 1 9  ~  239 
ML.  30  ML  GaAs  regions  were  used  as  the  quantum  dot  cap  layers.  In  order  to  reduce  the  dark 
current,  four  pairs  of  AlAs/GaAs  (1  ML/  4  ML)  were  introduced  below  the  quantum  dot  layers 
and  on  the  top  of  the  GaAs  cap  layers  (sample  A).  A  similar  QDIP  without  blocking  layers 


461 


InAs  QDs 
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Fig.l  Schematic  of  InAs/GaAs  QDIP  structure  (e.g.  with  AlGaAs  blocking  layers). 

(sample  B)  was  also  used.  The  sizes  of  the  pyramidal-shaped  quantum  dots  of  sample  B  and  A 
were  estimated  with  atomic  force  microscopy  (AFM)  and  a  cross-sectional  transmission  electron 
microscope  (XTEM):  the  height  was  74±16  A  and  59±17  A,  respectively.  Both  dots  have  a  base 
width  of  210  A.  The  dot  densities  of  sample  B  and  A  was  673±60  /pm2  and  625+40  /pm2, 
respectively. 

Device  fabrication  followed  standard  procedure:  photolithography,  wet  chemical  etching, 
metal  deposition  and  lift-off,  and  rapid  thermal  annealing.  Mesas  having  a  diameter  of  250  pm 
and  a  height  of -1.4  pm  were  defined  with  an  etch  of  H.1PO4 :  H2O2 :  H2O  (8:1:1).  A  50  pm- 
diameter  top  contact  and  the  bottom  contact  were  formed  by  evaporation  and  liftoff  of 
Au/Ni/AuGe.  The  contacts  were  then  annealed  at  430  ‘’C  for  20  .seconds.  In  the  following 
discussion,  “positive”  bias  means  that  a  positive  voltage  was  applied  to  the  top  contact. 

DISCUSSION 


Spectral  response 

The  normal-incidence  spectral  response  was  measured  with  a  Nicolet  Magna-IR  570 
Fourier  transform  infrared  (FTIR)  spectrometer  and  a  SRS  570  low-noise  current  preamplifier. 
Figure  2  shows  the  spectral  response  of  sample  A  at  0.8  V  bias  and  at  temperatures  of  63  K,  77  K 
and  100  K.  The  intraband  photoresponse  peaks  occurred  at  6.2  pm  for  all  three  spectra.  The  full 
width  half  maximum  (FWHM)  of  the  spectrum,  AA,  was  ~  0.4  pm,  from  which  it  follows  that 
AXPi=1.5%.  The  narrow  spectral  width  is  consistent  with  our  previous  results  [7][12].  These 
results  indicate  that  the  electron  transitions  are  intraband  transitions  from  a  lower  bound  state  to 
a  higher  bound  state  [12].  The  observed  spectral  width  reflects  the  uniformity  of  the  size  of  the 
quantum  dots.  The  QDIP  exhibits  the  highest  photoresponsc  at  77  K.  This  can  be  explained  as 
follows:  As  the  temperature  increases,  more  electrons  occupy  the  lower  .states  of  the  quantum 
dots.  As  long  as  there  are  unoccupied  excited  states  available,  the  electrons  in  the  lower  states 
can  participate  in  photon  induced  intraband  transitions.  However,  further  increase  in  the  number 
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Wavelength  (|j.m) 

rig.2  Normal-incident  photoresponse  of  the  QDIP  sample  A  at  the  bias  of  0.8  V  and 
temperature  of  63  K,  77K  and  lOOK. 

of  electrons  in  the  quantum  dots,  which  results  from  the  increase  in  dark  current  at  higher 
temperature,  will  cause  a  decrease  in  the  number  of  unoccupied  excited  states  and,  consequently, 
a  decrease  in  the  photoresponse.  Additionally,  a  decrease  in  photo-excited  electron  lifetime  at 
higher  temperature  can  result  in  a  decrease  in  the  photoresponse,  too. 

Responsivitv 

The  absolute  spectral  responsivity  was  calibrated  with  a  blackbody  source  (T  =  995  K). 
Since  the  blackbody  spectrum  included  near  infrared  radiation,  which  could  result  in  interband 
transitions,  in  addition  to  mid-  and  long-wavelength  photons,  optical  filters  were  placed  next  to 
the  aperture  of  the  blackbody  to  block  radiation  with  wavelength  less  than  3.5  pm.  Figure  3 
shows  the  peak  spectral  responsivity  versus  bias  of  at  temperatures  of  77  K,  100  K,  and  120  K. 
With  increase  in  positive  bias,  the  responsivity  increased  from  0.33  mAfW  at  O.IV  to  280  mAAV 
at  1.7  V.  For  negative  bias,  the  responsivity  increased  near  four  orders  of  magnitude  from  5.2x10' 
^  mA/W  at  zero  bias  to  418  mA/W  at  -1.6  V.  Negative  differential  responsivity,  which  was 
shown  in  sample  B,  was  not  observed  within  the  bias  range  from  -1.6  V  to  1.7  V.  The  different 
responsivity  curves  for  the  positive  and  negative  bias  are  attributed  to  the  asymmetric  shape  of 
the  quantum  dots  along  the  growth  direction  and  the  wetting  layers  beneath  the  quantum  dots. 
Consequently,  electrons  in  the  quantum  dots  experience  different  barrier  heights  depending  on 
whether  transport  is  toward  the  top  or  bottom  contacts.  Due  to  the  introduction  of  the 
Al0.2Ga0.xAs  blocking  layers,  the  responsivity  of  sample  A  is  lower  than  that  of  sample  B. 

Dark  current 


Dark  current  density  versus  voltage  characteristic  of  sample  A  is  shown  in  Fig.  4  for 
temperature  in  the  range  from  60  K  to  296  K.  The  structural  asymmetry  of  the  quantum  dots  also 
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Fig.  3  Peak  rcsponsiviiy  of  sample  A  at  77  K,  Fig.  4  Dark  current  density  of  sample  A  at 
lOOK,  and  120K.  temperature  ranging  from  60  K  to  296K. 

results  in  asymmetrical  dark  current  density  for  positive  and  negative  bias.  At  low  bias,  the 
increase  in  dark  current  density  is  due  to  the  fact  that  as  the  bias  increases,  more  electrons 
occupy  the  quantum  dots,  which  results  in  an  increase  in  the  average  sheet  electron  density. 

When  a  large  fraction  of  the  quantum  dots  states  are  occupied,  further  increase  in  bias  does  not 
significantly  alter  the  sheet  electron  density.  This  causes  a  lowering  of  the  energy  barrier  for 
injected  electrons  at  the  contact  layers,  which  results  in  the  nearly  exponential  increase  of  the 
dark  current.  At  0.7  V  bias,  the  dark  current  density  was  2.5x10’^  A/cm^  at  60  K.  With  increasing 
temperature,  it  increased  over  seven  orders  of  magnitude  to  11.1  A/cm^  at  room  temperature. 
Similarly,  at  -0.7  V  bias,  there  was  an  increase  of  over  eight  orders  of  magnitude  from  1 .6x  1 0'^ 
A/cm^  at  60  K  to  14.4  A/cm^  at  296  K.  Compared  to  the  similar  structure  without  the 
Alo.2Ga().KAs  blocking  layers,  sample  B,  the  dark  current  has  been  suppressed  by  over  three 
orders  of  magnitude.  For  bias  <  0,7  V  and  T  >  100  K,  the  dark  current  increased  exponentially 
with  temperature,  which  suggests  that  in  this  temperature  range  the  dark  current  originates  from 
thermionic  emission.  The  calculated  activation  energy  was  196  meV  at  zero  bias,  which  was 
close  to  the  energy  corresponding  to  the  cutoff  wavelength  (193  meV)  of  the  sample.  For 
temperature  lower  than  1(X)  K,  sequential  re.sonant  tunneling  and  phonon  assisted  tunneling  are 
probably  the  dominant  components  of  the  dark  current. 

Noise  current 


The  noi.se  current,  i,,.  was  characterized  with  low  noise  current  preamplifiers  and  a  SRS  760  FFT 
spectrum  analyzer.  For  |Vb[  >  0.6  V,  the  noise  current  was  measured  with  a  SRS  current 
preamplifier.  However,  below  0.6  V,  the  photodctector  noise  current  of  sample  A  was  below  the 
noise  floor  of  the  instrument.  Near  zero  bias,  a  very  low  noise  current  preamplifier  with  high 
gain  was  u.sed.  However,  restricted  by  the  input  power  limitation  of  this  current  preamplifier,  in 
the  bias  range  from  0.1  V  to  0.5  V  and  -0,5  V  to  -0. 1  V,  the  noise  current  was  interpolated. 
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Figure  4  shows  the  noise  current  of  a  250  ^m-diameter  device  at  77  K  and  100  K.  The  calculated 
thermal  noise  current,  Ith,  at  77  K  is  also  shown.  The  thermal  noise  current  can  be  expressed  as, 

where  k  is  Boltzmann’s  constant,  T  is  the  absolute  temperature,  and  R  is  the  differential 
resistance  of  the  device,  which  was  extracted  from  the  dark  current.  At  Vb  =  -0.7  V,  the 
calculated  thermal  noise  current  (3.2x10  ''^  A/Hz'^)  was  very  close  the  measured  noise  current 
(2.9xl0'‘'*  A/Hz'^^),  which  indicates  that  thermal  noise  is  significant  in  the  low  bias  region.  As 
the  bias  was  increased,  the  noise  current  increased  much  faster  than  thermal  noise.  The  noise 
current  was  greatly  suppressed  near  three  orders  of  magnitude  by  introducing  Alo.2Gao.8As 
blocking  layers. 

Detectivity 


The  detectivity  is  given  by 

(2) 

where  A  is  the  device  area,  R  is  the  responsivity,  in  is  the  noise  current,  and  Af  is  the  bandwidth. 
Figure  6  shows  the  peak  detectivity  versus  bias  at  77  K  and  100  K.  The  best  performance  was 
achieved  at  77  K  and  -0.7  V  where  the  peak  detectivity  was  10‘^  cmHz^^AV.  The  corresponding 
responsivity  was  14  mA/W.  With  increase  in  temperature  to  100  K,  the  peak  detectivity  dropped 
to  1.1x10^  cmHz''^AV  at  0.5  V,  due  to  the  decrease  in  responsivity  and  increase  in  noise  current. 
The  peak  detectivity  of  sample  B  is  1.5xl0‘^  cmHz‘'^AV  at  77  K.  Therefore,  the  detectivity  was 
enhanced  over  6  times  by  using  Alo.2Gao.8As  blocking  layers. 


Bias  (V) 

Fig,  5  Measured  noise  current  (dots)  of  sample  A 
at  77  K  and  100  K,  and  calculated  thermal  noise 
current  at  77K. 


Bias  (V) 


Fig.  6  Peak  detectivity  of  sample  A  at  77  K 
and  100  K. 
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CONCULSIONS 


In  conclusion,  we  have  demonstrated  QDIPs  based  on  bound-to-bound  intraband 
transitions.  These  QDIPs  were  sensitive  to  normal-incident  infrared  radiation  and  exhibited  low 
dark  current  with  D‘=9.6x10‘^  cmHz'^Vw  and  R=  14  mAAV  at  -0.7  V  bias  and  77  K.  In  contrast, 
the  QDIPs  with  the  same  structure,  except  with  GaAs  barrier  layer,  exhibited  D*=1.5xl0‘^ 
cniMz^^/W  at  77  K. 
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ABSTRACT 

We  have  fabricated  submonolayer-thick  films  of  CdSe  colloidal  nanodots  in  order  to 
investigate  electronic  properties  of  individual  nanodots  by  conductive-tip  atomic  force 
microscopy  (AFM).  Topographic  and  current  images  of  isolated  single  CdSe  colloidal  dots 
on  single  crystalline  Au  (1 1 1)  surface  which  was  covered  with  dodecanethiol  self-assembled 
monolayer  were  obtained  by  AFM  operating  in  contact  mode  with  a  conductive  tip  under 
appropriate  bias  voltages.  In  the  current  image,  it  is  found  that  the  dot  regions  have  higher 
electric  resistances  due  to  tunneling  resistance  through  the  CdSe  dots.  We  also  found  10 
nm-scale  electric  inhomogeneity  around  the  dots,  which  may  corresponds  to  the  previously 
reported  etch-pits  of  Au  (1 1 1)  surfaces  formed  during  the  deposition  of  the  dodecanethiol 
molecules. 


INTRODUCTION 

Semiconductor  colloidal  nanodots  have  been  one  of  major  research  interests  since  they 
exhibit  quantum  effect  or  nano-size  effect  which  is  potentially  applicable  for  novel  optical 
and  opto-electronic  devices  [1,2].  Recently,  highly  monodisperse  II-VI  and  III-V 
semiconductor  nanodots  have  been  synthesized  by  colloidal  chemical  techniques  [3,  4]. 
Because  they  are  free  from  the  lattice  mismatched  substrate,  the  choice  of  materials  for 
colloidal  dots  is  wider  than  that  for  self-assembled  quantum  dots  formed  by 
Stranski-Krastanov  mode  growth  by  molecular  beam  epitaxy  or  metal  organic  chemical 
vapor  deposition.  The  optical  properties  of  the  colloidal  dots  have  been  widely  investigated, 
and  it  has  been  recognized  that  the  surface  termination  may  be  playing  an  important  role  for 
the  properties.  We  have  reported  an  optical  memory  effect  of  CdSe  colloidal  nanodots 
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where  the  photoluminescence  (PL)  intensity  of  the  nanodots  spun-coat  on  glass  substrates 
depends  on  the  photoexcitalion  energy  and  duration  [5].  This  effect  is  strongly  influenced 
by  the  preparation  process  of  the  sample,  and  the  main  contribution  is  therefore  attributed  to 
electron  trap  states  at  the  interface  between  the  CdSe  nano  crystals  and  organic  molecules 
covering  them. 

In  order  to  study  the  interface  properties  of  colloidal  nanodols,  electronic  investigation 
have  advantages  over  optical  since  interface  traps  arc  known  to  be  non-radiative.  We  thus 
adapted  conductive-tip  atomic  force  microscopy  (AFM)  [6,  7]  for  nano  scale  electronic  study 
of  CdSe  colloidal  nanodots.  In  this  paper,  we  report  on  fabrication  of  sub-monolayer  thick 
CdSe  colloidal  nanodot  film  for  electronic  investigation  of  individual  nanodots,  and 
observation  of  current  images  of  single  CdSe  colloidal  nanodots  as  well  as  substrate 
surfaces. 


EXPERIMENT 

The  CdSe  colloidal  nanodots  were  synthesized  by  injecting  precursor  that  contains  Se 
dissolved  in  tributylphosphine  and  dimethyl  cadmium  into  tri-«-octylphosphine  oxide 
(TOPO)  at  temperatures  ranging  from  300  to  350  "C.  Here,  the  TOPO  not  only  act  as  hot 
soap  where  nucleation  and  growth  occur  but  also  caps  and  passivates  the  CdSe  nanodot 
surfaces.  The  obtained  nanodots  were  dispersed  in  toluene,  and  coated  on  substrates  using  a 
spinner  at  3000  rpm  for  30  sec.  The  average  diameter  of  the  nanodots  and  its  distribution  is 
estimated  to  be  5  nm  and  10-20  %,  respectively,  from  optical  absorption  measurements. 

The  morphology  of  the  sample  surface  were 
measured  using  a  high  vacuum  AFM  system 
operating  in  contact  mode,  and  local  electric 
current  was  simultaneously  mapped  by  applying 
an  appropriate  bias  voltage  between  the  sample 
and  conductive  tip. 

RESULTS  AND  DISCUSSIONS 

In  order  to  investigate  the  electric  properties  of 

the  individual  CdSe  colloidal  nanodot  by  AFM, 

we  need  submonolayer-thick  nanodot  films  ,  t-  ...  ^ 

Figure  I.  Topographic  image  oj  CdSe 

where  isolated  nanodots  exist  on  the  cnilioidal  nanodots  spun-coat  on  a  Si  wafer 

substrate  surface.  Because  the  TOPO 
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molecules  covering  the  CdSe  nanodot  surfaces  are  hydrophobic,  the  substrates  with 
hydrophilic  surfaces  are  not  appropriate  for  preparing  submono  layer-thick  films. 

Figure  1  shows  an  AFM  image  of  a  silicon  wafer  on  which  toluene  solution  containing 
0. 1  wt%  CdSe  colloidal  dots  is  spuncoat.  It  is  seen  that  single  nanodots  do  not  exist,  and 
instead,  100  nm-scale  islands  which  seem  to 
consist  of  aggregated  colloidal  dots  are  formed, 
prevailing  that  this  sample  is  not  suitable  for  our 
purpose. 

We  therefore  tried  to  prepare  a  substrate 

with  hydrophobic  surface.  One  promising 

candidate  was  gold  films  on  which  alkanethiol 

self-assembled  monolayer  (SAM)  was  formed, 

where  the  sulfur  atom  at  one  end  of  alkane 

chain  forms  a  chemical  bond  with  gold,  and  the 

alkane  chains  are  aligned  perpendicular  to  the 

gold  film  surface.  Figure  2  shows  a  contact 

mode  AFM  image  of  Au  (1 1 1)  single 

crystalline  film  formed  on  a  mica  substrate  by  figure  2.  An  AFM  image  of  Au  (111) 

smsle  crystalline  vrevared  on  mica 

vacuum  evaporation.  Note  that  the  film 

consists  of  sub- micron  size  single  crystals,  and  the  (1 1 1)  surface  of  each  crystal  is  so  flat  that 
single  nanodots,  if  they  are  on  the  surface,  can  be  easily  distinguished. 

After  forming  dodecanethiol  SAM  on  the  Au  (1 1 1)  surface  by  dipping  the  sample  in  1 
mM  dodecanethiol  ethanol  solution  for  3  hours,  0.1  wt%  CdSe  colloidal  dots  in  toluene 


solution  was  spun-coat  under  the  same  conditions  as  on  the  silicon  substrate.  The 


differential  image  of  the  sample  by  contact-AFM  is  shown  in  Fig.  3  (a)  and  (b).  In  the 
former  image,  we  can  see  that  single  nanodots  are  scattered  on  the  Au  { 1 1 1)  surfaces  as 
some  of  them  are  indicated  by  arrows.  In  the  latter,  four  single  dots  of  about  20 
nm-diameter  are  observed.  The  apparent  diameter  is  larger  than  that  estimated  from  the 
optical  absorption  measurement.  We  attribute  this  discrepancy  to  the  large  radius  of  the 
AFM  tip  since  a  40  nm-thick  metal  layer  is  evaporated  on  the  tip  in  order  to  ensure 
conductivity. 

Then,  we  simultaneously  imaged  surface  topography  and  local  electric  current  by 
applying  a  bias  voltage  of  1 .0  V.  Figure  4  (a)  is  a  differential  image  taken  by  contact-AFM. 
The  three  protuberances  of  nearly  30  nm-diameter  are  single  nanodots  as  in  Fig.  3  (b),  and 
the  large  one  near  the  center  of  the  image  may  consists  of  a  few  dots  that  arc  aggregated. 
Comparing  the  topographic  and  current  images,  it  is  found  that  the  protuberant  region  has 
larger  electric  resistance.  Namely,  the  dots  exhibit  larger  resistance  since  the  tunneling 
resistance  of  the  CdSe  dots  is  added  to  that  of  the  dodecanethiol  SAM. 

We  can  also  see  nm-scale  electric  inhomogencity  all  over  the  substrate  surface  in  the 
current  image.  If  the  substrate  surface  is  not  homogeneous  on  this  scale,  it  would  prohibit 
us  from  an  electronic  measurement  of  individual  colloidal  dots.  However,  it  has  been 
reported  that  a  few  nm-diameter  holes  of  0.3  nm  depth,  which  are  called  etch-pits  and 
observed  by  scanning  tunneling  microscopy  (STM),  exist  on  the  Au  (1 1 1)  surfaces  covered 
with  alkanethiol  SAlM  [8].  They  are  believed  to  be  formed  as  a  result  that  occurs  the 
surface  reconstruction  changes  during  the  deposition  of  alkanethiol  SAM.  We  also 
observed  those  etch-pits  on  our  substrate  surface  by  STM,  and  confirmed  that  their  depth 


was  0,3  nm.  Thus,  the  inhomogeneous  structures  in  the  current  image  correspond  to  the 
etch  pits. 

A  model  that  explains  the  correlation  between  the  topographic  and  current  images  of  our 
sample  is  described  in  Fig.  5.  The  conductive  AFM  tip  used  in  our  measurements  has  a 
much  lager  radius  than  that  of  STM  tips  as  discussed  earlier.  Thus,  single  colloidal 
nanodots  of  about  5  nm-diameter  appears  as  a  few  tens  nm  in  both  the  topographic  and 
current  images.  In  the  topographic  image,  however,  the  etch-pits  are  not  observed  because 
the  size  of  the  etch-pits  is  smaller  than  the  resolution  that  can  be  reached  with  AFM  tip  that 
is  employed.  On  the  other  hand,  tunneling  current  decreases  when  the  AFM  tip  is  scanned 
over  the  etch-pits  since  the  tunneling  gap  increases  by  0.3  nm. 

CONCLUSIONS 

We  have  fabricated  submonolayer-thick 
CdSe  colloidal  nanodot  films  on  alkanethiol 
SAM  on  single  crystalline  Au  (1 1 1)  surfaces 
in  order  to  investigate  electronic  properties  of 
individual  nanodots.  Topographic  and  current 
images  of  the  sample  were  successfully 
obtained  simultaneously  using  a  conductive-tip 
AFM.  In  the  current  image,  the  dot  region 
has  larger  electric  resistance  due  to  tunneling 
through  the  dot.  We  have  also  observed 
nm-scale  electric  inhomogeneity  found  on  the 
surface  that  corresponds  to  etch-pits  formed 
by  deposition  of  SAM  on  the  gold  surface. 
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ABSTRACT 

The  evidence  of  a  parabolic  potential  well  in  quantum  wires  and  dots  was  reported  in  the 
literature,  and  a  parabolic  potential  is  often  considered  to  be  a  good  representation  of  the  “barrier” 
potential  in  semiconductor  quantum  dots.  In  the  present  work,  the  variational  and  fractional¬ 
dimensional  space  approaches  are  used  in  a  thorough  study  of  the  binding  energy  of  on-center 
shallow  donors  in  spherical  GaAs-Gai-xAlxAs  quantum  dots  with  potential  barriers  taken  either  as 
rectangular  [14(eV)  =  1.247  x  for  r  >  R]or  parabolic  [  Vj,(r)  =  p^r^]  isotropic  barriers.  We 
define  the  parabolic  potential  with  a  ^  parameter  chosen  so  that  it  results  in  the  same  Eq  ground- 
state  energy  as  for  the  spherical  quantum  dot  of  radius  R  and  rectangular  potential  in  the  absence 
of  the  impurity.  Calculations  using  either  the  variational  or  fractional-dimensional  approaches 
both  for  rectangular  and  parabolic  potential  result  in  essentially  the  same  on-center  binding 
energies  provided  the  dot  radius  is  not  too  small.  This  indicates  that  both  potentials  are  alike 
representations  of  the  quantum-dot  barrier  potential  for  a  radius  R  quantum  dot  provided  the 
parabolic  potential  is  defined  with  /^chosen  as  mentioned  above. 


INTRODUCTION 

Quantum-dot  heterostructures  are  most  studied  both  from  the  theoretical  and  experimental 
point  of  view  due  to  the  wide  possibility  of  applications  in  electronic  and  optoelectronic  devices 
[1].  Such  semiconductor  nanostructures  show  interesting  physical  properties  due  to  the  extreme 
degree  of  confinement  of  electrons  and  holes,  and  the  presence  of  impurities  of  course  modify 
both  the  optical  and  transport  properties  of  such  nanostructures.  For  impurities  in  quantum  dots, 
the  ultimate  goal  is  an  artificial  atom  whose  properties  can  be  controlled  through  the  material 
parameters  and  geometry. 

Using  variational  and  fractional-dimensional  space  approaches,  Porras-Montenegro  and 
Perez-Merchancano  [2]  and  Oliveira  et  al.  [3]  have  calculated  the  binding  energy  for  shallow- 
donor  impurities  in  rectangular  GaAs-(Ga,Al)As  quantum  dots  for  both  finite  and  infinite 
potential  confinement.  As  a  general  feature,  they  have  found  that  the  binding  energy  increases  as 
the  radius  of  the  dot  is  diminished  and  then  decreases  to  the  three  dimensional  limit  of  the  bulk  in 
the  case  of  finite  potential  confinement,  whereas  the  binding  energy  always  increases  with  the 
diminishing  of  the  radius  of  the  dot  when  the  potential  confinement  is  infinite. 

The  evidence  of  a  parabolic  potential  well  in  quantum  wires  and  dots  was  reported  in  the 
literature  [4,  5],  and  a  parabolic  potential  is  often  considered  to  be  a  good  representation  of  the 
“barrier”  potential  in  semiconductor  quantum  dots  [6-8].  The  theoretical  description  of  the 
behavior  of  a  hydrogenic  on-center  donor  in  a  spherical  dot  for  rectangular  and  parabolic 
potentials  will  lead  to  a  better  understanding  of  the  properties  of  a  spherical  quantum  dot,  and  it  is 
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the  subject  of  this  paper.  Calculations  have  been  made  within  the  effective  mass  approximation 
and  using  a  variational  and  the  fractional-dimensional  space  approaches. 


THEORETICAL  FRAMEWORK 

Within  the  effective-mass  approximation,  the  Hamiltonian  of  a  system  consisting  of  an 
electron  bound  to  a  donor  impurity,  inside  a  GaAs-(Ga,Al)As  quantum  dot  of  radius  R  for  a 
parabolic  potential  confinement,  may  be  written  as 

1  *  2  2 

H= - -V-+~rfi  ur  r - ,  (1) 

2m  2  e,,r 

where  r  is  the  electron-impurity  distance,  £„  (=  12.58)  is  the  dielectric  constant  of  bulk  GaAs, 

m  (=  0.0665  w<i,  where  is  the  free  electron-mass)  is  the  effective  electron  mass,  and  is  the 
harmonic  oscillator  frequency. 

In  the  variational  calculation,  the  trial  wave  function  for  the  ground  state  with  the  impurity 
present  is  taken  [8]  as  the  product  between  the  eigenfunction  of  the  Hamiltonian  in  eq.  (1) 
without  the  Coulomb  interaction  (third  term  at  the  right)  and  the  hydrogenic  part,  i.e.: 

AexpC-)9/-V2)exp(-Ar),  (2) 

where  is  a  normalization  constant,  A  is  a  variational  parameter,  and  ySis  a  measure  of  the 
parabolic  potential,  defined  as 


Alternatively,  one  may  solve  the  above  problem  in  the  fractional-dimensional  scheme. 
Following  Oliveira  et  al.  [3],  one  finds  that,  for  the  l.s-like  ground  state,  the  “shallow  donor  + 
heterostructure”  anisotropic  system  may  be  modeled  by  an  effective  isotropic  hydrogenic  sy.stem 
in  a  fractional  D-dimensional  space,  a  problem  which  may  be  solved  analytically.  Once  the 
fractional  dimension  is  calculated,  the  donor  binding  energies  may  be  obtained  [9,  10]  through 
^1.;  =  4/?  f{D  - 1)^ ,  where  R*  is  the  donor  effective  Rydberg.  For  details  of  calculations 
we  refer  to  [3]. 


RESULTS  AND  DISCUSSION 

In  Figure  !  (a)  we  pre.sent  the  spherical  parabolic  and  rectangular  potential  profiles  for  an  /?  = 
200  A  GaAs-Gat-xAlxAs  quantum  dot  with  an  Al  concentration  .v  =  0.3;  we  have  chosen  /?and  R 
so  that  both  potentials  result  in  the  same  £„  ground-state  energy.  In  Figure  1  (b)  it  is  displayed 

the  parabolic-potential  parameter  versus  dot  radius  R. 
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Figure  2  displays  the  on-center  donor  binding  energy  versus  quantum  dot  radius  for  a  GaAs- 
Gao.7Alo.3As  quantum  dot  calculated  both  for  a  parabolic  (dotted  line)  and  rectangular  (full  curve) 
potentials.  Calculations  are  performed  using  a  variational  procedure  [cf.  Fig.  2  (a)]  and  the 
fractional-dimensional  approach  [Fig.  2  (b)].  In  both  cases  one  observes  that  the  binding  energy 
diminishes  with  increasing  radius  of  the  dot,  reaching  the  three-dimensional  limit  (the  hydrogenic 
atom)  for  large  values  of  the  radius,  as  it  is  has  been  reported  in  several  works  [2,  3].  As  it  can  be 
seen,  the  agreement  in  the  binding  energy  between  the  variational  method  and  the  fractional- 
dimensional  approach  is  quite  good  in  a  wide  range  of  the  radius  of  the  dot,  independently 
whether  the  confinement  is  parabolic  or  rectangular.  For  radius  smaller  than  ~  2  -  3  a  the 
binding  energy  calculated  by  means  of  the  two  methods  begins  to  differ,  and  the  fractional¬ 
dimensional  approach  begins  to  fail  [3]. 


CONCLUSIONS 

Summing  up,  using  the  variational  and  fractional-dimensional  approaches  both  for  rectangular 
and  parabolic  potentials  we  have  calculated  the  binding  energy  of  an  on-center  donor  impurity  in 
a  GaAs-(Ga,Al)As  quantum  dot.  We  find  the  results  essentially  the  same  provided  the  dot  radius 
is  not  too  small.  This  indicates  that  both  potentials  are  alike  representations  of  the  quantum-dot 
barrier  potential  for  a  radius  R  quantum  dot  provided  the  parabolic  potential  is  defined  with  as 
it  was  chosen  in  this  work.  We  do  hope  that  this  criteria  may  be  of  future  utility  in  calculations 


Figure  1:  (a)  spherical  parabolic  [  Vb(r)  =  and  rectangular  [^^(eV)  =  1 .247  jf  for  r  >  /?  ] 
potential  profiles  for  an  R  =  200  A  GaAs-Gai-xAfAs  quantum  dot  {x  =  0.3);  ^and  R  are  chosen 
so  that  both  potentials  result  in  the  same  E^y  ground-state  energy;  (b)  parabolic-potential 

parameter  versus  dot  radius /?.  In  the  above  figures,  R^  and  a*  are  the  effective 

Rydberg  and  Bohr  radius,  respectively. 
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Figure  2:  On-center  donor  binding  versus  quantum  dot  radius  for  a  GaAs-GadjAlojAs  quantum 
dot  calculated  both  for  a  parabolic  (doited  line)  and  rectangular  (full  curve)  potentials. 
Calculations  are  performed  using  a  variational  procedure  (a)  and  the  fractional-dimensional 
approach  (b). 

using  the  parabolic  potential  for  impurity-related  properties  in  low-dimcnsiona!  systems,  such  as 
impurity  binding  and  transition  energies,  as  v^cll  as  theoretical  work  on  photoluminescence  and 
absorption  spectra. 
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ABSTRACT 

Carriers  in  small  colloidal  InP  nanoparticles  are  in  strong  quantum  confinement  regime.  The 
low  temperature  photoluminescence  spectrum  of  InP  nanoparticles  is  composed  of  an  excitonic 
luminescence  at  high  energies  and  a  non-excitonic  defect  emission  band  at  lower  energies,  HE 
etching  of  the  nanoparticles  reduces  the  defect  emission  and  enhances  the  exciton  process. 

In  this  work  we  apply  optically  detected  magnetic  resonance  spectroscopy  (ODMR)  both  in 
continuous  wave  and  time  resolved  mode  (TR-ODMR)  to  study  the  defect  luminescence  in  InP 
nanoparticles.  The  results  show  that  the  defect  luminescence  originates  from  weakly  coupled 
electron-hole  pair,  where  the  electron  is  trapped  at  the  surface  by  phosphorous  vacancy,  Vp,  and 
the  hole  is  located  at  the  valence  band.  Additionally,  the  results  suggest  that  the  non-etched 
samples  are  dominated  by  Vp  at  the  surface.  Those  are  mainly  eliminated  upon  HF  treatment, 
leaving  behind  small  percent  of  Vp  in  the  core  of  the  nanoparticle.  We  also  find  the  electron-hole 
exchange  interaction  from  circular  polarized  ODMR  measurements.  The  TR-ODMR 
measurement  further  clarifies  the  spin  dynamics  and  characteristic  of  the  magnetic  sites.  Fitting 
these  measurements  to  the  simulated  response  of  the  PL  intensity  to  the  square  wave  modulated 
microwave  power  revealed  that  the  spin  relaxation  time  and  radiative  lifetime  of  electron-hole 
pair  in  the  nanoparticles  are  in  the  microseconds  regime. 


INTRODUCTION 

In  recent  years,  there  has  been  an  increase  of  interest  in  the  scientific  and  technological 
aspects  of  colloidal  semiconductor  nanoparticles  (NPs).  These  materials  exhibit  unique  chemical 
and  physical  properties,  differing  substantially  from  those  of  the  corresponding  bulk  solids.  The 
special  properties  are  associated  with  the  quantum  size  effect  and  the  control  of  surface  quality. 
The  impact  of  the  quantum  size  effect  in  the  III-V  NPs  is  of  a  special  interest,  due  to  their  large 
exciton  Bohr  radius  (10-34  nm)  and  relatively  narrow  band  gap  (0.4- 1.5  eV).  In  such  a  case,  the 
Bohr  radius  exceeds  the  NP  diameter,  which  in  turn  leads  to  strong  confinement  of  carriers  and  a 
relatively  large  blue  shift  of  the  band  edge. 

Although  carrier  confinement  in  colloidal  III-V  NPs  is  expected  to  lead  to  enhanced  PL 
efficiency,  this  is  not  frequently  observed,  presumably  due  to  the  trapping  of  carriers  at  the 
surface  and  non-radiative  recombination.  Indeed,  Micic  et  al.  [1]  showed  that  the  growth  of  InP 
colloidal  NPs  under  excess  indium  produces  a  red  luminescence  band,  while  the  growth  under 
excess  phosphorous  eliminates  this  band.  Furthermore,  etching  of  the  samples  with  HF  partially 
quenches  the  red  luminescence  from  surface  traps.  This  suggests  that  the  red  band  corresponds 
to  stoichiometric  defects  at  the  surface.  Thus,  the  ultimate  goal  of  this  work  is  concerned  with 
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the  identification  of  the  surface  trapping  sites  and  their  influence  on  the  recombination 
processes. 


EXPERIMENTAL  DETAILS 

Colloidal  InP  NPs,  capped  with  organic  ligands  were  prepared  by  wet  chemical  methods, 
while  their  surfaces  were  treated  by  several  etching  procedures.  An  indium  chloride  (InCb)  and 
tris-(lrimethyl-silyl)phosphine  (P(SiMe3)3)  were  used  as  the  starting  reactants.  A  detailed 
description  of  the  preparation  procedure  is  given  in  reference  [2J. 

In  the  continuous  wave  (cw)  ODMR  experiment,  we  monitored  a  change  in  luminescence 
intensity,  AIrl,  resulting  from  a  magnetic  resonance  event  at  the  excited  state.  Thus,  a  plot  of 
AIpl  versus  the  strength  of  an  applied  external  magnetic  field  (B),  during  a  simultaneous 
application  of  a  microwave  (MW)  radiation,  led  to  an  electron  spin  resonance-like  spectrum  The 
emitted  beam  was  detected  in  either  of  the  following  directions:  (a)  parallel  to  the  external 
mapelic  field  (Faraday  configuration),  or  (b)  perpendicular  to  it  (Voight  configuration).  A  total 
emission  or  a  circular-polarization  component  (o^  or  a  )  was  detected  in  both  configurations. 
Detailed  description  of  the  cw  and  TR  ODMR  .setup  is  given  elsewhere  [3]. 

The  time-re.solved  ODMR  (  TR-ODMR)  signal  is  a  lumine.scence  respon.se  to  a 
microwave  pulse  under  the  re.sonance  magnetic  field. 


RESULTS 

The  photoluminescence  (PL)  spectra  of  HF  etched  and  non-etched  InP  NPs  (with  average 
diameter  of  4.4  nm)  at  1.4K  are  shown  by  the  dashed  lines  in  Figure  1(a)  and  1(b),  re.spectively. 
The  PL  spectrum  of  the  etched  sample  is  dominated  by  an  exciton  band  centered  at  ~2  eV,  and 
accompanied  by  a  weak  tail  at  the  low  energy  side.  On  the  contrary,  the  non-etched  sample  is 
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Figure  1.  The  photolumine.scence  .spectra  of  non-etched  and  HF  etched  InP  NPs  (da.shed 
line),  and  spectrally  dependent  ODMR  spectra  (.solid  line). 
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dominated  by  a  deep  broad  band  centered  at  1.5  eV,  with  a  full  width  half  maximum  (FWHM)  of 
0.2  eV,  and  a  weak  exciton  shoulder  at  1.8  eV.  It  should  be  noted  that  the  etching  process  strips 
one  or  two  monolayers  of  InP  from  the  external  surface,  which  reduces  the  NPs  size  and  leads  to 
a  shift  of  the  exciton  band.  The  ODMR  spectral  dependence  curves  of  both  samples  are  shown  in 
Figure  1  by  the  solid  lines.  They  were  recorded  by  measuring  the  change  in  PL  intensity  versus 
emission  energy  during  an  application  of  the  resonance  conditions,  with  an  external  magnetic 
field  of  0.4  Tesla  and  MW  radiation  of  Dmw^IO.S  GHz.  Both  samples  showed  a  spectral 
dependent  ODMR  band,  whieh  ranged  between  1 .2-2.0  eV,  covering  the  entire  non-exciton 
regime.  In  fact,  this  spectral  dependence  solely  coincides  with  the  PL  spectrum  of  the  non- 
etched  sample,  but  deviates  from  the  exciton  band  of  the  etched  sample. 

Representative  cw  ODMR  spectra  of  the  non-etched  sample,  recorded  with  circular  polarizer 
in  Faraday  and  Voight  configurations,  are  shown  in  Figures  2(a)  and  2(b),  respectively.  The 
and  a  ‘  detection  in  the  Faraday  configuration  showed  similar  resonant  bands,  however  they  were 
shifted  one  with  respect  to  the  other  by  about  0.008  Tesla.  However,  the  circular  polarized 
components  are  indistinguishable  in  the  Voight  configuration. 

The  TR-ODMR  spectrum  of  the  non-etched  sample,  obtained  with  a  MW  transient 
measurement,  is  shown  in  Figure  3  by  the  noisy  line.  The  solid  line  corresponds  to  a  theoretical 
fit  {vide  infra),  while  the  corresponding  MW  pulse  is  shown  below  the  spectrum.  This  spectrum 
shows  an  instant  spike  of  the  luminescence  intensity  at  the  rising  edge  of  the  MW  pulse, 
followed  by  an  intensity  decay,  then  by  a  sudden  negative  drop  at  the  falling  edge  of  the  MW 
pulse,  and  finally,  by  a  recovery  to  a  steady  state  intensity.  The  spin  dynamics  associated  with 
this  sequence  of  changes  will  be  given  in  the  Discussion. 


DISCUSSION 

The  PL  of  the  etched  sample  is  characterized  by  an  exciton  luminescence,  accompanied  by  a 
tail,  presumably  associated  with  a  stoichiometric  defect  recombination.  Chemical  treatment  of 


Magnetic  Field  (Tesla)  Magnetic  Field  (Tesla) 

Figure  2.  ODMR  spectra  of  the  non-etched  sample,  recorded  with  the  circular  polarizer  in 
Faraday  (a)  and  Voight  (b)  configurations. 
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Figure  3.  The  TR-ODMR 
spectrum  of  non-ctchcd 
sample,  obtained  with  a 
MW  transient  measurement. 
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the  samples  with  excess  phosphorous  during  the  growth  or  post  HF  etching  reduces  the  tail 
recombination  and  enhances  the  exciton  efficiency.  Indeed,  the  defect  recombination  band 
dominates  the  PL  of  non-etched  sample.  The  ODMR  spectral  dependence  coincides  solely  with 
the  defect  luminescence  band  and  thus,  the  magnetic  resonance  phenomena  discussed  below 
determine  the  nature  of  this  recombination  (trap-to-trap  or  trap-to-band),  chemical  identification 
of  a  defect  site,  electron-hole  (e-h)  exchange  interaction  and  the  spin  dynamics. 

The  experimental  ODMR  spectra  .showed  the  existence  of  a  single  positive  band,  both  in  the 
Faraday  and  Voight  configurations,  which  could  be  fitted  to  a  single  Gaussian  function. 
Furthermore,  both  the  left  and  right  circularly  detected  ODMR  spectra  are  positive,  but  mutually 
shifted  by  about  0.008  Tesla  in  the  Faraday  configuration.  This  is  in  contradiction  with  the 
anticipation  of  two  independent  resonance  bands  for  weakly  coupled  electron  and  hole,  or  a 
creation  of  a  bound  exciton  with  a  negative  band  in  the  Voight  configuration  [3].  Instead,  the 
experimental  evidence  supports  the  occurrence  of  magnetic  re.sonancc  transitions,  as.sociated 
with  trapped  electron  {Fe=l/2)  and  a  valence  hole  (Fh=:3/2)  spin  system.  Considering  a  sole  spin 
flipping  of  electrons,  the  ODMR  band  could  be  fitted  to  a  theoretical  curve  calculated  by  a  use  of 
conventional  spin  Hamiltonian  including  Zeeman  splitting,  electron  hole  exchange  interaction  J, 
and  hyperfine  interaction  with  the  surrounding  nuclei.  We  used  gc=1.93  and  J=  0.28peV  for  a 
non-etched  sample,  and  gc=1.98  for  an  etched  sample.  The  increase  in  the  g  factor  in  the  etched 
sample  may  arise  from  a  confinement  effect,  due  to  the  reduction  of  the  NPs  size  upon  etching  or 
due  to  the  existence  of  a  different  crystallographic  defect.  The  J  value  was  derived  from  the 
mutual  shift  of  the  a^and  0  '.spectra  shown  in  Figure  2(a). 

The  extended  wave  function  of  the  valence  hole  enabled  a  reasonable  overlap  with  the 
trapped  electron  and  indeed  an  e-h  exchange  interaction  deviate  from  the  exchange  value  of  an 
exciton  (30  meV)  and  resemble  the  value  which  was  found  recently  for  trapped  electron-trapped 
hole  recombination  (0.2  |ieV)  in  colloidal  NPs  [4].Thc  magnitude  of  the  exchange  interaction  is 
proportional  to  the  overlap  integral  of  the  wave  function  of  both  carriers  and  is  given  by: 
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J  =  Joexp(-2r/ro) 

where  ro  is  the  Bohr  radius  of  the  wave  function  of  the  less  localized  carrier  and  r  is  the  exciton 
radius.  It  is  reasonable  to  assume  that  r  is  close  to  the  radius  of  the  NPs  and  thus,  may  deviate 
from  a  single  value  due  to  the  existence  of  a  -10%  distribution  in  the  NPs  size. 

The  ge  value  of  the  electron  deviates  considerably  from  that  of  a  reported  bulk  value  of 
ge=l  .15-1 .5  at  the  conduction  band,  however,  it  does  not  approach  the  free  electron  ge=2.0.  This 
suggests  that  the  electron  is  trapped  at  a  phosphorous  vacancy,  but  is  slightly  delocalized  over 
the  first  next  indium  neighbors.  The  experimental  lineshape  could  be  simulated  only  by  addition 
of  hyperfine  interactions  between  the  trapped  electron  with  the  surrounding  indium  nuclei.  The 
indium  atom  has  a  nuclear  spin  of  1=9/2  with  neutral  abundance  of  100%,  while  a  hyperfine 
interaction  with  n  next  neighbors  should  lead  to  2nl-l-l  subbands.  However,  since  the  indium 
isotropic  hyperfine  constant  is  390MHz  [5],  and  the  sample  is  studied  as  a  powder,  the  detailed 
hyperfine  lines  cannot  be  resolved  and  instead,  this  coupling  contributes  to  the  broadening  of  the 
studied  resonance  band. 

The  time-resolved  ODMR  measurement  further  clarifies  the  spin  dynamics  and 
characteristics  of  the  magnetic  sites  (radiative  versus  non-radiative).  Assuming  that  saturation  of 
the  spin  levels  is  avoided,  the  spin  kinetic  processes  of  the  |-i-3/2,  -1/2  >  and  i-f-3/2,  +1/2  >,  or  |- 
3/2,  -1/2  >  and  |-3/2,  +1/2  >  pair  states  are  given  by  the  following  equations: 
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ni  and  nz  correspond  to  the  population  of  single  pair  states.  G  corre.sponds  to  the  generation  rate, 
while  Xi  and  T2  are  the  corresponding  decay  times  (when  t  ''=  Trad'*  +  tnrad'*,  rad  and  nrad 
correspond  to  the  radiative  and  non-radiative  processes).  T|  is  the  spin-lattice  relaxation,  while 
Pmw  corresponds  to  the  MW  power.  exp(-E/kT)  is  the  occupancy  probability  in  thermal 
equilibrium.  The  analytical  solution  of  four  kinetic  equations  (with  Pmw=0  and  Pmw^^O)  yields  a 
theoretical  change  in  the  PL  intensity  due  to  a  magnetic  resonance  between  two  states,  induced 
by  a  square- wave  modulation  of  the  MW  power.  The  experimental  TR-ODMR  spectrum  was 
simulated  with  Tradi=100  psec,  Tnradi/2=800  psec,  Trad2»Tradi,  and  T!=250  psec,  as  shown  by  the 
solid  smooth  line  in  figure  3.  This  simulation  suggests  that  the  defect-to-band  recombination  is  a 
radiative  process,  involving  trapping  of  an  electron  at  a  phosphorous  vacancy. 


CONCLUSIONS 


InP  NPs  prepared  by  colloidal  techniques  were  investigated.  The  research  was  focused  on 
the  characterization  of  a  defect  luminescence  band,  cw  and  TR-ODMR  spectroscopy  was  utilized 
in  combination  with  conventional  luminescence  technique.  The  ODMR  spectrum  consists  of  a 
single  broad  positive  resonance  composed  of  left  and  right  circular  polarized  components, 
mutually  shifted  by  0.008  Tesla  in  a  Faraday  configuration.  The  defect  luminescence  was 
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identified  as  a  recombination  of  a  valence  band  hole,  with  total  angular  momentum  of  3/2,  and  an 
electron  trapped  at  a  Vp  site,  with  total  angular  momentum  of  1/2.  The  non-etched  samples  are 
dominated  by  Vp  sites  at  the  surface,  while  the  etched  samples  are  left  with  a  small  percent  of 
vacancies  at  the  core.  The  TR-ODMR  measurements  revealed  characteristic  decay  times  of 
about  lOOps  for  the  radiative  and  about  800ps  for  nonradiative  spin  levels.  This  measurement 
also  revealed  that  a  spin-lattice  relaxation  is  about  250ps. 
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ABSTRACT 

Melting  and  crystallization  experiments  of  InGaSb  were  done  under  the  reduced 
gravity  condition  (lO'^G)  in  an  airplane  and  at  the  normal  gravity  condition  (IG)  in  the 
laboratory.  Crystallized  InGaSb  was  found  to  contain  many  needle  crystals  in  both  the 
cases.  Reduced  gravity  condition  was  found  to  be  more  conducive  for  crystal  growth 
than  the  normal  gravity  condition.  Formation  of  spherical  projections  on  the  surface  of 
InGaSb  during  its  crystallization  was  in-situ  observed  using  a  high  speed  CCD  camera 
in  the  drop  experiment.  Spherical  projections  showed  dependence  of  gravity  during  its 
growth.  Indium  compositions  in  the  spherical  projections  were  found  to  vary 
depending  on  the  temperature. 

INTRODUCTION 

InxGai-xSb  is  a  potential  optoelectronic  device  oriented  material  and  it  could  be 
used  to  fabricate  commercially  viable  detectors,  thermo-photo-voltaic  (TPV)  cells. 
lUxGai-xSb  along  with  its  binary  counterparts  GaSb  and  InSb  are  interesting  III-V 
model  materials  for  space  ventures  because  of  their  low  melting  temperatures  (712°C 
and  below)  and  low  vapour  pressures.  It  is  extremely  difficult  to  grow  high  quality 
InxGai-xSb  bulk  crystals  on  earth  due  to  gravity  induced  effects.  As  the  densities  of 
the  components  are  different,  solute  transport  occurs  due  to  buoyancy.  For  this  reason, 
microgravity  condition  in  space  is  ideally  suited  to  grow  high  quality  and  defect  free 
InxGai-xSb  crystals  as  the  gravity  induced  negative  effects  can  be  overcome  [1-3].  In 
order  to  investigate  the  effect  of  gravity  on  the  dissolution  and  crystallization 
processes,  we  carried  out  two  microgravity  experiments.  The  first  one  was  performed 
in  the  Second  International  Microgravity  Laboratory  (IML-2)  in  1994  [4-7].  We 
studied  the  effects  of  diffusion  and  convection  on  the  melt  mixing  of  In/GaSb/Sb.  One 
of  the  important  observations  made  in  this  venture  was  the  formation  of  many  circular 
projections  on  the  surface  of  the  InGaSb  spherical  sample.  The  indium  compositions 
in  this  area  were  different  from  those  in  the  main  body  of  the  sample.  The  other 
experiment  was  carried  out  in  a  Chinese  recoverable  satellite  in  1996  [8-10]. 

It  is  not  always  possible  to  venture  microgravity  experiments  in  space  using 
space  shuttles  due  to  economic  and  other  major  constraints.  Hence,  it  is  necessary  to 
find  alternate  avenues  to  perform  this  type  of  experiments  on  earth  itself  using  the 
facilities  like  drop  tower,  airplane  etc.  It  is  also  important  to  know  how  the  crystal 
growth  processes  take  place  under  the  reduced  gravity  conditions  like  10'  G,  10’^  G 
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etc.  and  under  the  higher  gravity  conditions,  like,  2G,  3G  etc.  In  the  present  article, 
we  discuss  about  the  results  of  the  airplane  and  drop  experiments  on  the 
crystallization  of  InGaSb  conducted  under  different  gravity  conditions. 

EXPERIMENTAL 


For  the  airplane  experiment,  polycrystalline  InxGai.^Sb  (x=0.05)  cut  into  a 
dimension  of  5  x  5  x  0.2  mm^  was  used  as  the  starting  material.  The  sample  was 
sandwiched  between  two  thin  quartz  glass  plates  and  was  .sealed  using  high 
temperature  adhesives.  Thermocouples  were  connected  to  the  samples  to  monitor  and 
control  the  temperature  during  the  melting  and  crystallization  processes.  The  sample 
configuration  is  shown  in  Fig.l.  An  equipment  was  designed  and  con.structed  for  the 
airplane  experiment.  The  sample  was  mounted  on  a  movable  platform  so  that  the 
position  of  it  could  be  changed  using  a  motor  during  the  experiment.  The  InGaSb 
sample  was  heated  to  a  temperature  of  706'C.  During  this  time,  InGaSb  poly  cry.stal 
melted  and  changed  to  In-Ga-Sb  .solution.  When  the  gravity  level  changed  to  lO'^G, 
the  sample  was  moved  out  of  the  furnace  and  hence  the  temperature  decreased 
rapidly.  This  process  is  schematically  represented  in  Fig.2.  During  the  rapid  decrease 
of  temperature,  InGaSb  crystallized.  The  complete  experiment  was  videographed 
using  a  high  resolution  CCD  camera.  The  same  type  of  experiment  was  carried  out 
under  the  normal  gravity  (IG)  in  the  laboratory. 

For  the  drop  experiment,  polycrystals  of  InGaSb  were  used  as  the  starting  materials. 
The  sample  structure  was  similar  to  Fig.  1 .  This  experiment  was  performed  using  a 
150m  drop  tower  facility  present  in  the  Micro-Gravity  Laboratory  of  Japan  (MGLAB). 
An  equipment  comprising  a  furnace  to  heat  the  sample,  thermocouples,  temperature 
controllers  to  control  the  sample  and  furnace  temperatures,  a  high  speed  and  high 
resolution  CCD  camera,  and  two  lights,  was  constructed  for  this  study  and  the 
schematic  diagram  of  it  is  shown  in  Fig.3.  The  melting  and  crystallization  of  InGaSb 
during  the  experiment  was  videographed  using  the  high  speed  and  high  re.solution 
camera.  The  recorded  images  and  the  corresponding  temperatures  and  gravity  levels 
were  used  to  study  the  melting  and  crystallization  processes.  InGaSb  polycrystalline 
plate  sample  was  heated  to  a  temperature  of  800“C  at  a  rate  of  50'C/min.and  kept  for  10 
minutes.  Later,  the  sample  was  cooled  down  by  cutting  off  the  power  supply.  During 
the  cooling  period,  molten  InGaSb  started  crystallizing.  During  the  crystallization,  the 
capsule  was  dropped  in  to  the  vacuum  tower. 


Fig.l.  Sample  configuration  for  the 
airplane  and  drop  experiments. 


Fig.2.  Change  of  .sample  position  during  the 
airplane  experiment. 
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Light  power  supply 


Fig.3.  Schematic  diagram  of  home-made 
equipment  for  the  drop  experiment. 


Time  (s) 


Fig.4.  Variation  of  gravity  level  and  sample 
temperature  with  time  in  the  airplane 
experiment. 


RESULTS  AND  DISCUSSION 

Effect  of  gravity  on  the  needle  crystal  growth 

Figure  4  shows  the  variation  of  the  gravity  level  with  the  flying  time  of  the  aircraft 
and  the  temperature  of  the  InGaSb  sample  during  the  experiment.  The  set 
temperature  of  the  sample  was  decreased  to  less  than  500°C  in  a  time  of  a  second  after 
the  gravity  became  10  ^3.  Figure  5  shows  the  photographs  of  the  crystallized  InGaSb 
samples  under  lO'^G  and  IG  conditions,  respectively,  and  the  corresponding  EPMA 
line  profiles  of  indium  composition  measured  on  the  surfaces  of  the  samples.  The 
needle  crystals  were  found  to  have  formed  during  the  cooling  of  InGaSb.  This  result 
is  similar  to  the  needle  crystal  formed  in  our  space  experiment  under  microgravity 
condition  [10].  In  the  case  of  the  needle  crystal  formed  under  reduced  gravity  (lO'^G) 
and  normal  gravity,  indium  composition  should  be  as  small  as  0.005.  Figure  6  shows 
the  binary  phase  diagram  of  the  InSb-GaSb  system.  As  marked  in  the  phase  diagram, 
the  sample  must  be  cooled  down  fast  to  get  the  crystal  of  indium  composition  0.005. 
Hence,  in  the  EPMA  profile,  the  portions  where  the  In  composition  is  0.005, 
correspond  to  the  InGaSb  needle  crystal  and  the  portions  where  the  In  composition  is 
high,  correspond  to  the  residual  solution.  The  needle  crystal  is  surrounded  by  the 
residual  solution  and  its  indium  composition  is  much  more  than  that  of  the  crystal. 

As  seen  in  the  EPMA  profiles,  in  the  case  of  reduced  gravity  processed  sample,  the 
number  of  indium  peaks  is  relatively  smaller  than  the  peaks  observed  in  the  normal 
gravity  processed  sample. 

Figures  7(a)  and  (b)  show  the  statistics  of  the  size  of  the  needle  crystals  formed  under 
reduced  gravity  and  normal  gravity  conditions,  respectively.  As  clearly  seen  in  the 
figures,  the  number  of  smaller  sized  crystals  formed  under  normal  gravity  conditions  is 
much  more  than  the  number  of  smaller  crystals  formed  under  reduced  gravity  condition. 

It  is  obvious  that  the  convective  forces  during  the  crystal  growth  processes  behave 
differently  depending  on  the  gravity  conditions.  Under  the  reduced  gravity  condition, 
growth  of  larger  sized  crystals  is  more  feasible  as  the  negative  effect  of  the  convective 
forces  is  relatively  less.  In  the  case  of  the  crystal  growth  under  normal  gravity,  due  to  the 
convective  forces,  most  of  the  needle  crystals  grown  were  smaller.  This  clearly  indicates 
that  the  reduced  gravity  condition  is  better  suited  for  crystal  growth. 


485 


In  Composition  (nrb.unit) 


1“^  ' 

-!  h  t  M  'I  if' '  j- 

.  i 

1  '  '  , 

1  'I.'  'v.  '  i 

(a)  Distance  (mm) 

Fig.S.EPMA  line  profiles  for  the  needle  crystals 


grown  under  (a)  reduced  gravity  and  (b) 
norma!  gravity. 


Fig.6.  InSb-GuvSb  binary  phase  diagram. 
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Fig. 7.  Size  distribution  of  the  needle  crystals  grown  under  (a)  reduced  gravity 
{ 10  ’Ci)  and  (b)  normal  gravity  conditions. 
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Formation  of  projections  during  InGaSh  crystallization 


During  the  crystallization  of  InGaSb,  many  spherical  projections  were  observed 
on  the  surface  of  the  sample.  The  projections  emerged  out  during  the  crystallization 
of  InGaSb  from  its  melt  due  to  the  reason  that  the  density  of  InGaSb  liquid  is  larger 
than  that  of  .solid.  These  were  similar  to  the  projections  observed  in  the  melting  and 
solidification  experiment  of  In/GaSb/Sb  done  in  IML-2  [5].  The  projections  in  this 
study  were  found  to  increase  in  size  slowly.  In  the  present  experiment,  the  drop  of  the 
capsule  was  made  to  coincide  with  the  appearance  and  growth  of  spherical  projections 
so  that  this  proce.ss  could  be  observed  under  microgravity  condition.  Figure  8  shows 
the  high  resolution  images  recorded  using  high  .speed  camera  during  the  crystallization 
of  InGaSb  in  one  of  the  drop  experiments.  As  seen  clearly  in  the  images,  the  spherical 
projections  have  just  started  to  appear  and  grow  larger  in  size  slowly  as  the  time 
passed.  The  figures  (a)-(f)  correspond  to  the  images  recorded  under  microgravity 
condition  at  the  timings  Os,  Is,  2s,  3s,  4s  and  4.5  s,  respectively.  The  enlarged  image 
of  the  final  form  of  the  projections  formed  is  shown  in  the  Fig.  9.  The  projection  A 
was  formed  under  norma!  gravity  condition  and  the  projections  B  and  C  were  formed 
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under  microgravity  condition.  The  projections  formed  under  microgravity  were 
almost  spherical,  whereas,  the  projection  formed  under  normal  gravity  was  not 
perfectly  spherical.  Due  to  gravitational  pull,  the  top  surface  of  the  projection  A 
tended  to  become  flat.  This  shows  the  influence  of  gravity  on  the  formation  of 
projections. 

It  was  found  that  the  rate  of  increase  of  projection  area  was  high  and  constant  for 
the  first  3  sec.  However,  in  the  remaining  time,  the  increase  rate  became  lower  and 
this  may  be  due  to  the  reduction  of  solute  supply  in  the  final  stage  of  projection 
formation.  The  solute  supply  was  blocked  to  some  extent  by  the  already  formed 
crystal  in  the  lower  portion  of  the  projection. 

The  In  compositions  in  the  formed  projection  B  and  C  were  measured  by  EPMA  and 
are  schematically  represented  in  Fig.  10.  The  In  composition  in  the  projection  C  was 
found  to  be  more  than  that  of  projection  B.  This  is  due  to  fact  that  the  temperature  at  the 
time  of  the  formation  of  projection  B  was  higher  than  the  corresponding  temperature  of 
projection  C.  This  indicates  that  the  In  composition  of  the  crystallized  InGaSb  varies 
depending  on  the  existing  temperature  at  the  time  of  formation.  This  is  in  accordance 
with  the  InSb-GaSb  ternary  phase  diagram  [11].  Since  the  whole  processes  of  melting 
and  crystallization  of  InGaSb  were  recorded  using  the  high  speed  and  high  resolution 
CCD  camera  (a  maximum  of  250  images  per  second)  in  all  the  experiments  along  with 
the  precise  values  of  the  corresponding  gravity  levels  and  temperatures,  it  was  possible  to 
find  the  exact  conditions  at  which  the  projections  formed. 


(d)  (e)  (f) 

Fig.8.  High  resolution  images  recorded  during  the  crystallization  of  InGaSb  at  the  timings,  Os,  (b)  Is,  (c) 
2s,  (d)  3s,  (e)  4s  and  (f)  4.5  s,  respectively. 


Fig.9.  The  enlarged  images  of  the  final  shape  of  the  projections.  The  projection  A  was  formed  under 
normal  gravity  condition  and  the  projections  B  and  C  formed  under  microgravity  condition. 
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Fig.lO-nie  3-diniensional  schematic  representation  of  the  In  compositions  measured  on 
the  (a)  projection  B  and  (b)  projection  C.  The  measurements  were  made  at  the 
selected  points  on  the  squares  of  areas  0.6  x  0.7  mnr  and  0.4  x  0.4  mm’  of 
projections  B  and  C,  respectively. 


SUMMARY 

In  the  airplane  experiment  on  the  crystallization  of  InGaSb  under  lO'^G 
condition,  needle  crystal  was  found  to  have  formed  and  the  size  of  it  was  larger  than 
the  crystal  obtained  under  normal  gravity.  This  showed  that  the  reduced  gravity 
condition  is  more  feasible  for  crystal  growth.  In  the  drop  experiment,  spherical 
projections  of  InGaSb  were  observed  to  form  during  its  cry.stalliz.ation  under 
microgravity.  On  the  other  hand,  projection  formed  under  normal  gravity  was  not 
perfectly  spherical.  Indium  composition  in  the  projection  was  found  to  vary 
depending  on  the  existing  temperature  condition  during  the  formation. 
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ABSTEIACT 

Using  pulsed  laser  deposition  technique,  nGaAs-nInSb  heterojunctions  (HJs)  are  obtained.  Their  electrical 
properties  are  studied.  The  Current- Voltage  characteristics  show  that  obtained  HJs  possess  rectifying  properties. 
The  rectification  coefficient  depends  strongly  on  the  doping  level  of  GaAs  substrate.  The  linear  dependence  of 
C'^  (V)  curve  in  Capacitance-Voltage  characteristics,  as  well  as  the  change  of  photo-response  sign  with 
wavelength,  indicates  that  the  HJs  have  abrupt  interface,  which  is,  to  the  best  of  our  knowledge,  a  novel  result 
for  these  HJ  materials.  The  full  number  of  interface  states  arising  due  to  the  lattice  mismatch  is  determined 
which  is  in  agreement  with  Hall  measurements.  Current-Voltage  characteristics  of  obtained  HJs  are  analogous  to 
those  of  metal-semiconductor  junction.  Based  on  the  obtained  results  the  energy  band  diagrams  of  nGaAs-nInSb 
HJ  is  constructed  taking  into  account  the  interface  states. 


INTRODUCTION 

Owing  to  its  many  advantages  (such  as  technology  flexibility,  low  temperature  of 
crystalline  growth,  as  well  as  production  of  thin  and  ultrathin  layers  of  actually  any  material) 
the  pulsed  laser  deposition  (PLD)  has  its  leading  role  in  fabrication  of  thin  semiconductor 
materials.  In  recent  years,  a  growth  of  interest  is  observed  in  using  the  PLD  for  production  of 
semiconductor  heterojunctions  (HJ). 

Due  to  a  large  lattice  mismatch  (-14%)  the  nInSb-nGaAs  type  HJs  refer  to  the  class  of  non 
ideal  HJs.  Earlier,  E.D.  Hinkley  and  R.H.  Rediker  [1]  reported  the  fabrication  of  nGaAs- 
nlnSb  HJs  obtained  by  fusion  of  InSb  into  the  GaAs.  Nevertheless,  there  are  no  reports  to  our 
knowledge  on  the  fabrication  of  crystalline  nInSb-nGaAs  HJs  with  abrupt  interface  using  the 
usual  techniques.  This  might  be  due  to  the  difficulty  of  crystalline  growth  of  HJ  materials 
with  large  lattice  mismatch.  Only  recently,  in  [2]  the  possibility  of  fabrication  of  crystalline 
nInSb-nGaAs  HJs  with  abrupt  interfaces  was  shown,  and  the  results  were  used  for  analysis  of 
an  infrared  (~5-6  pm)  pyrometer.  However,  the  electrical  characteristics  of  these  HJs  were 
not  presented  in  [2]. 

In  the  present  work,  crystalline  nGaAs-nInSb  HJs  are  fabricated  based  on  the  PLD 
technique,  and  their  electrical  properties  are  studied. 


EXPERIMENT 

The  facility  for  fabrication  of  nGaAs-nInSb  HJs  included  a  Q-switched  laser  on  Nd^"^ 
(pulse  length  is  30  nsec.,  energy  per  pulse  is  1  J,  intensity  in  the  irradiation  area  of  the  target 
is  -10*  W/sm^)  and  a  vacuum  chamber  with  residual  pressure  of -10'^  Torr.  Polished  nGaAs 
slabs  with  various  doping  degrees  (5-10^^-5-10’*  sm'^)  were  used  as  substrates,  and  nInSb 
pellets  with  doping  degree  lO'"*  sm'^  were  used  as  target  material.  The  nInSb  layers 
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with  ~0.  Ijim  thickness  were  deposited  in  vacuum  of  ~10‘^  Torr  at  temperature  of  crystalline 
growth  of  ~350  A  shell  of  width  ~6  A  was  deposited  after  each  evaporating 
pulse.  The  back  contact  to  the  nGaAs  substrate  was  made  up  by  thermal  spraying  of  In  with 
protecting  Ag  layer  and  the  structure  was  annealed  during  the  deposition  of  nInSb  layer.  The 
crystallinity  of  the  layers  was  checked  by  electron-diffraction  method.  In  order  to  obtain 
current-voltage  (1-V)  and  capacitance-voltage  (C-V)  characteristics  the  produced  nGaAs- 
nlnSb  structures  were  split  and  placed  in  a  purpose-built  holder.  All  measurements  were 
carried  out  at  room  temperature. 


RESULTS  AND  DISCUSSION 


The  I-V  characteristics  of  produced  HJs  at  various  doping  levels  of  GaAs  are  shown  in 
figure  1.  As  it  is  seen,  the  HJs  possess  rectifying  properties,  and  the  rectification  coefficient 
depends  strongly  on  the  substrate  doping  level.  For  an  Hi  with  ND(GaAs)=5xlO''^  sm'^  the 
rectification  coefficient,  k=10^  at  0.7  V,  while  for  ND(GaAs)=5xl0'‘*  sm'^  k=40  at  the  same 
voltage. 

In  figure  2,  the  C-V  characteristics  of  HJs  are  represented  at  various  doping  levels.  The 
essentially  linear  dependence  of  the  experimental  curve,  C  '(V),  is  an  evidence  of  the 
abruptness  of  the  HJ  interface. 

The  carrier  concentrations  in  GaAs  were  determined  from  the  slope  of  the  C‘-(V)  curve. 
The  results  are  in  reasonable  agreement  with  Hall  measurements  of  concentrations  in  nGaAs. 
The  extrapolation  of  C '■{ V)  dependence  to  the  value  C'‘=0  gives  one  the  contact  potential 
falling  on  the  nGaAs.  Based  on  these  results  the  total  equilibrium  charge  {Qis=-2qENi,Vo)  on 
interface  states  originating  due  to  the  lattice  mismatch,  as  well  as  the  total  number  of  these 
states  per  unit  area  were  determined.  Results  are  given  in  Table  1 . 


Figure  1.  I-V  characteristics  of  heterojunction  nGaAs-nInSb  at  various  doping  levels  of 
nGaAs. 
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Figure  2.  C-V  characteristics  of  nGaAs-nInS  heterojunction  at  various  doping  levels  of 
nGaAs. 


Table  I.  Main  experimental  results  obtained  from  I-V  and  C-V  characteristics. 


ND(GaAs) 

sm‘^ 

Hall 

measur. 

NoIGaAs) 

sm'^ 

from  C-V 

curves 

Nis 

theor. 

sm‘^ 

Nis 

exper. 

sm’^ 

qVD(eV) 
from  C- 
V  curves 

TCeV) 
from  C- 
Vcurve 

Tl,from 

I-V 

curves 

HJ 

surf 

area 

(sm^) 

HJl 

5-10’^ 

6,3-10’^ 

3-10^^ 

>  1,6-10'^ 

0,75 

510-^ 

HJ2 

510'^ 

4,8-10'^ 

3-10'^ 

>4,6-10'^ 

0,75 

0,74 

2,25 

5- 10'^ 

As  it  is  seen,  the  obtained  values  of  Nis  are  in  good  agreement  with  the  total  number  of 
interface  states  of  nGaAs-nInSb  HJ,  which  was  estimated  from  simple  considerations  based 
on  the  lattice  mismatch  of  HJ  materials. 

The  appearance  of  interface  states  also  affects  strongly  on  the  mechanism  of  current  flow 
through  the  HJ.  In  figure  3,  the  I-V  characteristics  of  nGaAs-nInSb  HJ  with  A£)(GaAs)=510'^ 
sm'^  at  room  temperature  is  represented. 

Revtrse  bxal^ch 


Figure  3.  I-V  characteristics  of  heterojunction  nGaAs-nInSb  with  doping  level  of  GaAs 
A£)~5x10’^  at  room  temperature. 
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Figure  4.  Energy  band  profile  of  nGaAs-nInSb  heterojunction  taking  into  account  the 
interface  states. 

In  spite  of  the  large  number  of  interface  states  the  saturation  of  current  was  not  observed 
in  any  direction.  The  1-V  characteristics  of  studied  HJs  are  similar  to  those  of  metal- 
semiconductor  junctions. 

The  direct  current  is  described  by  an  expression  I=loiexp(qV/rikT)-J),  where 
Ii)=A*T  expf-^^/rikT)  (A=8.64  A  sm'"/  ^K‘‘,  A  is  the  effective  Richardson  constant,  NK  is  the 
metal-semiconductor  barrier,  7]  is  the  imperfection  coefficient). 

The  values  of  r|  and  H'  deduced  from  I-V  curves  are  given  in  Table  1 .  The  value  of 'R 
agrees  well  with  the  barrier  height  determined  from  C-V  characteristics.  The  results  of  I-V 
and  C-V  characteristics  were  used  to  construct  the  energetic  band  diagram  of  nGaAs-nlnSb 
HJ,  which  takes  into  account  the  interface  states  (figure  4). 

CONCLUSIONS 


We  have  studied  the  current-voltage  and  capacitance  voltage  characteristics  of 
heterojunctions  nGaAs-nInSb  obtained  by  pulsed-laser  deposition.  We  have  shown  that 
produced  HJs  have  abrupt  interfaces  and  posses  rectification  properties,  which  depend  on  the 
doping  level  of  nGaAs  substrates.  The  current  transmission  through  HJ  is  similar  to  that 
through  a  metal-semiconductor  junction.  The  energy  band  diagram  of  nGaAs-nInSb  is 
constructed  based  on  the  obtained  results. 
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ABSTRACT 

Effects  of  electrical  bias  on  the  cathodoluminescence  (CL)  have  been  investigated  for  a  blue 
II-VI  quantum  well  (QW)  light  emitting  diode  structure  of  ZnCdMgSe,  lattice-matched  to  InP.  In 
CL  wavelength  scans,  the  observed  effects  include  largely  reversible  changes  in  QW  CL 
intensity  and  wavelength  and  changes  in  cladding  CL  intensity.  In  CL  time-based  scans,  the  QW 
CL  intensity  showed  both  immediate  and  long  term  changes  with  bias.  Irreversible,  degradation- 
related  decreases  in  QW  CL  intensity  were  also  observed.  Effects  of  bias  on  CL  were  modeled 
by  calculating  the  rates  of  carrier  production  by  electron  bombardment  and  the  resulting  electron 
and  hole  currents  with  different  applied  bias  fields.  These  model  calculations  do  not  explain 
many  of  the  experimental  observations,  because  the  model  does  not  include  effects  of  bias  on 
carrier  escape  and  redistribution  in  the  QW  and  effects  of  bias  on  generation  and  transport  of 
atomic  scale  defects. 


INTRODUCTION 

ZnSe-based  light  emitting  diodes  have  potential  applications  in  full-color  projection  displays, 
traffic  signals,  and  more  efficient  white  light  sources  [1-5].  Although  remarkable  progress  has 
been  made,  practical  devices  have  not  been  yet  achieved  because  of  luminescent  intensity 
degradation  during  device  operation.  The  quaternary  wide-gap  ZnCdMgSe  system  (figure  1)  can 
be  grown  lattice  matched  to  (001)  InP  substrates  by  molecular  beam  epitaxy  with  a  wide  range  of 
band  gaps  from  blue  to  red  depending  on  composition  [3].  QW  structures  based  on  these 
materials  exhibit  excellent  optical  characteristics  with  very  strong  luminescence  intensity  and 
quantum  confinement  [4-5].  These  diodes  show  no  formation  of  dark  line  defects  and  have 
lifetimes  about  three  orders  of  magnitude  longer  [6,7]  than  diodes  with  a  comparable  density  of 
extended  defects  grown  on  GaAs  substrates. 

Understanding  how  electrical  bias  affects  carrier  transport  and  defect  behavior  may  help  in 
further  improvement  of  performance  and  lifetimes  of  QW-based  light  emitting  diodes  (LEDs) 
and  laser  diodes  [8].  Gundel  et  al.  [8]  studied  the  influence  of  reverse  bias  on  degradation  of  a 
ZnCdSe  QW-based  laser  diode  by  photoluminescence.  They  [8]  argued  that  the  observed 
changes  in  the  degradation  rate  with  bias  were  caused  by  the  effects  of  bias  fields  on  diffusion  of 
charged  defect  complexes  from  the  p-doped  waveguide  into  the  QW. 
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Figure  2.  I-V  characteristics  of  ZnCdMgSe 
QW-bascd  LED.  Open  circles  are  bias 
conditions  for  CL  experiments. 


Figure  1.  Schematic  of  ZnCdMgSe  QW-based 
LED  and  experimental  setup. 


The  present  paper  describes  effects  of  both  forward  and  reverse  bias  on  CL  from  a 
ZnCdMgSe  QW-based  LED.  Results  obtained  are  much  more  extensive  than  those  reported  by 
Gundel  et  al.  [8]. 


OBSERVED  EFFECTS  OF  BIAS  ON  CATHODOLUMINESCENCE 

CL  measurements  used  a  JEOL  JSM-6400  SEM  with  an  Oxford  Instruments  CF302  CL 
system.  CL  was  studied  for  three  biases:  reverse  bias  of -3.2V,  zero-bias,  and  forward  bias  of 
+4.2V,  as  indicated  in  figure  2.  The  electron  beam  voltage  was  lOkV  and  the  electron  beam 
cunent  was  ~  50nA. 

Cathodoluminescence  wavelength  mea.su rements 

Each  wavelength  scan  was  collected  from  an  area  of  ~  35jimx35pm  and  look  about 
160sec.  Without  bias,  CL  wavelength  scans  show  well  resolved  peaks  from  the  QW  and  cladding 
(figures  3  and  4).  Application  of  either  forward  or  reverse  bias  causes  the  QW  CL  intensity  to 
drop.  A  forward  bias  of  +4.2V  eliminates  the  cladding  peak  and  shifts  the  QW  peak  to  longer 
wavelength  (figure  3).  These  effects  appear  to  be  fully  reversible.  With  a  reverse  bias  of -3.2V, 
the  cladding  peak  remains  unaffected  and  a  small  increase  in  QW  CL  wavelength  is  observed 
(figure  4).  In  contrast  to  forward  bias,  a  small  irreversible  decrease  in  QW  CL,  but  not  in 
cladding  CL.  is  seen  after  switching  from  reverse  bias  to  zero  bias. 
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Figure  3.  Forward  bias  CL  wavelength  scans.  Figure  4.  Reverse  bias  CL  wavelength  scans 


Time  dependent  effects  of  bias  on  quantum  well  cathodoluminescence 

CL  time-based  scans  were  made  with  a  stationary  electron  beam  (spot  mode)  and  with  the 
spectrometer  set  to  468nm,  the  zero-bias  QW  CL  wavelength.  In  the  time-base  scan  without  bias 
(figure  5),  the  QW  intensity  increased  by  -10%  during  the  initial  250s  (A  to  B).  Then  the  QW 
intensity  remained  nearly  constant  (B  to  C)  until  forward  bias  was  applied.  The  decreases  in  the 
QW  intensity  to  background  level  during  the  time-base  scan,  for  example,  at  ~700s,  resulted 
from  blanking  the  electron  beam.  Forward  bias  led  to  a  small,  probably,  instantaneous  decrease 
(C  to  D),  followed  by  a  rapid  decay  of  the  QW  intensity  (D  to  F).  When  the  bias  was  switched 
off  (G),  the  QW  intensity  increased  (G  to  FI)  to  -85%  of  its  value  before  application  of  bias  (C). 
Reverse  bias  caused  the  CL  intensity  to  drop  initially  (H  to  I).  The  rate  of  the  CL  intensity 
decrease  (I  to  K)  for  reverse  bias  was  much  slower  than  that  for  forward  bias  (D  to  F). 


Figure  5.  Bias  effects  in  CL  time-based  scan.  The  arrows  at  1600s  and  3000s  indicate  zero- 
bias  intensity  decreases  caused  by  electron  bombardment. 


Application  of  forward  bias  led  to  probably  instantaneous  QW  intensity  decrease  (K  to  L)  and 
further  rapid  intensity  decay  (L  to  M).  After  3000s  of  spot  mode  electron  irradiation  with  several 
biasing  cycles,  the  QW  intensity  dropped  by  only  -30%  (C  to  O).  These  bias  effects  are  quite 
different  from  those  reported  by  Gundel  et  al.  [8]  for  a  ZnCdSe  QW-based  laser  diode,  where 
rapid  degradation  occurred  with  zero  bias. 


MODELING  EFFECTS  OF  BIAS  ON  CATHODOLUMINESCENCE 
FROM  ZnCdMgSe  QUANTUM  WELL  LIGHT  EMITTING  DIODES 


Rates  of  electron  and  hole  production  by  electron  bombardment  were  calculated  using  the 
depth-distribution  function  (figure  6),  which  describes  deposition  of  electron  energy  in  depth. 
Effects  of  bias  on  band  bending  and  depletion  lengths  were  considered  as  well.  Excess  carriers, 

,  generated  in  the  specimen  by  continuous  electron  bombardment,  undergo  diffusion  and/or 
drift,  followed  by  recombination,  that  may  give  rise  to  luminescence.  Assuming  a  linear 
dependence  of  CL  intensity  on  the  stationary  excess  carrier  density,  A/K/^)  =  /»(/")-//„(/'),  the  total 
CL  intensity  can  be  expressed  as  [9] 

(1) 


Lriii  ) ' 


^  J-— 


where  r„,  is  the  radiative  recombination  lifetime. 

Only  excess  carriers  created  by  electron  bombardment  in  the  depletion  regions,  VL„,p  ,  and 
within  the  diffusion  length  distances,  (figures  6  and  7),  contribute  to  the  QW  intensity.  With 
reverse  or  zero  bias,  the  depletion  regions  are  much  larger  than  the  QW  width,  so  diffusion  and 
drift  currents  of  excess  minority  carriers, 


/,/,;^and  /u',  are  expected  to  be  largely 
responsible  for  the  QW  luminescence. 
The  diffusion  of  the  excess  minority 
carriers,  and  /;„,  in  one-dimension, 

can  be  treated  in  terms  of  the  differential 
equations  of  continuity  for  electrons  in 
the  p-cladding  and  /?^-cap  layers  and  for 
holes  in  the  A?-cladding  layer  (figure  1). 

The  local  generation  rate  of  excess 
carriers  represents  the  number  of 
electron-hole  pairs  generated  per  unit 
depth  and  per  unit  time  [9].  This  can  be 
expressed  as 
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Figure  6.  Depth-distribution  function  for 
ZnCdMgSe  QW  LED  structure  for  lOkV  electrons. 
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lb  is  the  electron  beam  current,  and  q  is  the  electronic  charge.  G  is  the  number  of  electron-hole 
pairs  generated  per  incident  electron  of  energy  Eb, 


^_£,x(l-y) 


(3) 


Figure  7.  Illustration  of  electric-field- induced  band  bending  in  QW  LED  structure. 


where  y  is  the  fraction  of  electron  beam  energy  loss  due  to  backscattered  electrons  and  E-,  is  the 
energy  to  form  an  electron-hole  pair.  Calculations  of  depth-distribution  function  (figure  6)  and 
of  minority  carrier  currents  with  and  without  bias  were  performed  using  structural  and  electrical 
parameters  shown  in  figure  1 .  For  regions  Wp,  W„,  Lp  and  L„,  the  depth-distribution  function 
was  assumed  to  have  its  averaged  value  within  each  layer,  as  illustrated  for  the  Wp  region  in 
figure  6.  The  bias  dependence  of  drift  currents  enters  through  bias  dependence  of  depletion 
widths,  „ ,  and  of  band  bending,  as  shown  schematically  in  figure  7. 

Results  of  these  calculations  for  bias  voltages  Vu  <  2.6V,  presented  in  figure  8,  show  that 
the  electron  current  due  to  excess  electrons  excited  by  electron  bombardment  in  the  p-cladding 
layer  and  entering  the  QW  is  much  larger  than  the  hole  current  into  the  QW  resulting  from 
excess  holes  in  the  n-cladding  layer  excited  by  electron  irradiation.  This  indicates  that  the 
resulting  CL  is  a  hole-limited  process  and  should  be  proportional  to  the  hole  current.  The 
calculations  also  indicate  that  luminescence  should  increase  with  reverse  bias  and  decrease  with 
forward  bias.  However,  the  luminescence  intensity  was  experimentally  observed  to  decrease 
with  application  of  either  forward  or  reverse  bias  (figures  3  and  4). 
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Figure  8.  Minority  carrier  currents  into  the 
ZnCdMgSe  QW. 


Figure  9.  Expected  effect  of  electric  field  on 
QW  energy  levels  and  wavefunctions,  (a) 
zero  field,  (b)  with  applied  field. 


CONCLUSIONS 

The  present  model  does  not  explain  many  experimental  observations,  because  it  does  not  include 
forward  bias  levels  beyond  flat-band  condition  (K;>  2.6V),  and  because  it  neglects  effects  of  bias 
on  carrier  escape  and  redistribution  in  the  QW  (figure  9)  [10].  The  latter  may  be  largely 
responsible  for  the  reverse  and  forward  bias  QW  CL  intensity  decrease  and  the  forward  bias  QW 
CL  redshift.  Further  CL  experiments  for  intermediate  biases,  including  flat-band  condition,  are 
needed  to  address  these  questions.  To  explain  time-dependent  QW  CL  intensity  decreases  and 
role  of  bias  in  degradation,  the  generation  and  transport  of  atomic  scale  defects  must  also  be 
included  in  the  model. 
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ABSTRACT 

TUnGaAs/InP  double-hetero  (DH)  structures  were  grown  on  (100)  InP  substrates  by  gas 
source  MBE.  The  photoluminescence  (PL)  peak  energy  variation  with  temperature 
decreased  with  increasing  T1  composition.  For  the  DH  with  a  T1  composition  of  13%,  the 
PL  peak  energy  varied  only  slightly  with  temperature  (-0.03  meV/K).  This  value 
corresponds  to  a  wavelength  variation  of  0.04  nm/K  and  is  much  smaller  than  that  of  the 
lasing  wavelength  of  InGaAsP/InP  distributed  feedback  laser  diodes  (0.1  nm/K). 
TUnGaAsAnP  light  emitting  diodes  with  6%  T1  composition  were  fabricated  and  the  small 
temperature  variation  of  the  electroluminescence  peak  energy  (-0.09  meV/K)  was 
observed  at  the  wavelength  around  1.58  pm.  The  results  are  promising  to  realize  the 
temperature-independent  wavelength  laser  diodes,  which  are  important  in  the  wavelength 
division  multiplexing  (WDM)  optical  fiber  communication  systems. 

INTRODUCTION 

Wavelength  division  multiplexing  (WDM)  technology  is  very  important  for  optical 
fiber  communication  systems  to  drastically  increase  transport  capacity.  However,  one  of 
the  problems  encountered  when  using  InGaAsP/InP  laser  diodes  (LDs)  in  WDM  systems 
is  that  the  lasing  wavelength  fluctuates  with  ambient  temperature  variation  mainly  due  to 
the  temperature  dependence  of  the  bandgap  energy.  Therefore,  LDs  in  WDM  systems  are 
equipped  with  Peltier  elements  to  stabilize  LD  temperature.  To  solve  this  problem,  the  use 
of  temperature-independent  bandgap  semiconductors  as  an  active  layer  of  LDs  was 
proposed  [1]. 

We  have  proposed  III-V  quaternary  semiconductors,  TlInGaP  (Thallium  Indium 
Gallium  Phosphide)  [2,  3]  and  TlInGaAs  (Thallium  Indium  Gallium  Arsenide)  [3]  as 
shown  in  figure  1 .  TlInGaP  and  TlInGaAs  can  be  lattice-matched  to  InP,  and  cover  the 
bandgap  energies  corresponding  to  the  1  p.m  wavelength  range.  Furthermore,  we  pointed 
out  that  THnGaP  and  TlInGaAs  are  expected  to  show  the  temperature-independent 
bandgap  energy  at  certain  compositions  because  it  is  an  alloy  of  semiconductor,  InGaP  or 
InGaAs,  and  semimetal,  TIP  or  TlAs,  similar  to  HgCdTe.  CdTe  is  a  semiconductor  and 
HgTe  is  a  semimetal.  Temperature-independent  bandgap  energy  was  observed  for 
HgCdTe  at  a  Hg  composition  of  0.48  [4].  Therefore,  the  LDs  fabricated  using  TlInGaP  or 
TUnGaAs  have  the  potential  to  operate  without  changing  wavelength  irrespective  of 
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Figure  1.  Bandgap  energy  vs.  lattice  constant  relationship  for  TlInGaP  and  TIInGaAs. 


ambient  temperature  variation  [2,  3]. 

We  have  successfully  grown  TllnP,  TlGaP,  TlInGaP,  TlInAs  and  TIInGaAs  by  gas 
source  molecular-beam  epitaxy  (MBE)  [2,  5-7].  In  this  paper,  the  growth  of  TlInGaAs/InP 
double-hetero  (DH)  structures  and  the  observation  of  very  small  temperature  variation  of 
photoluminescence  (PL)  peak  energy  arc  reported.  The  results  on  the  electroluminescence 
(EL)  properties  for  the  TlInGaAs/InP  light  emitting  diodes  (LEDs)  are  also  described. 

GAS  SOURCE  MBE  GROWTH 

TlInGaAs/InP  DH  structures  were  grown  by  gas  source  MBE.  Elemental  T1  (5N),  In 
(7N)  and  Ga  (7N)  and  thermally  cracked  AsHji  and  PH3  were  used  as  group  III  and  group 
V  sources,  respectively.  The  substrates  used  were  (100)  InP.  The  substrate  temperature 
during  growth  was  450  *C.  Our  detailed  studies  showed  that  the  growth  condition  for 
alloys  containing  T1  is  very  strict.  For  example,  growth  below  400  'C  resulted  in 
segregation  of  Tl,  and  growth  above  460  'C  failed  to  incorporate  T1  due  to  desorption  of 
T1  atoms  from  the  surface.  During  growth  of  InP,  the  reflection  high-energy  electron 
diffraction  (RHEED)  pattern  showed  (2x4)  reconstruction.  However,  during  growth  of 
TIInGaAs  the  RHEED  pattern  showed  (2x2)  reconstruction. 

Tl  composition  was  estimated  from  the  double  crystal  X-ray  diffraction  data  on  the 
TIInGaAs  and  InGaAs  grown  with  the  same  In  and  Ga  fluxes  assuming  Vegard's  law  and 
that  the  lattice  constant  of  TlAs  (exact  value  is  not  known)  is  equal  to  that  of  InAs. 
Concerning  the  lattice  constant,  Kajikawa  et  al.  [8]  recently  claimed  that  the  lattice 
constant  of  TlAs  is  smaller  than  that  of  InAs,  though  the  theoretical  calculation  by  van 
Schilfgaade  et  al.  [9]  showed  the  opposite  result.  The  incorporation  of  Tl  was  confirmed 
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Figure  2.  Dependence  of  T1  composition  in  TlInGaAs  on  T1  flux  during  growth. 
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Figure  3.  Temperature  variation  of  the  PL  peak  energy  for  the  TiInGaAs/InP  DH  samples  as  a  function  of  T1 
composition. 

with  the  electron  probe  micro-analysis  (EPMA)  measurement.  The  accuracy  of  the  T1 
concentration  by  EPMA  was  not  sufficient  under  our  experimental  condition,  but  we 
measured  several  %  to  around  10%  of  Tl.  We  also  observed  the  decrease  in  the  RHEED 
intensity  oscillation  period  during  growth  of  TlInGaAs  by  the  addition  of  Tl  flux,  which 
also  indicates  the  incorporation  of  Tl  into  InGaAs.  The  Tl  composition  in  TlInGaAs  was 
observed  to  increase  with  the  Tl  flux  during  growth  as  shown  in  figure  2. 

During  the  growth  of  TlInGaAs  under  our  growth  conditions,  we  think  that  the  large 
part  of  incident  Tl  atoms  is  re-evaporating  from  the  surface  and  only  a  small  part  of  them 
is  incorporating  into  films,  very  similar  to  the  case  of  MBE  growth  of  GaN  under  usual 
growth  conditions.  Therefore,  a  relatively  large  flux  for  Tl  was  supplied  in  our  growth. 

PL  PROPERTIES 

PL  measurements  were  conducted  in  the  temperature  range  from  10  K  to  300  K  using 
an  At  ion  laser  at  488  nm  line  as  the  excitation  source.  With  increasing  Tl  composition, 
the  PL  peak  energy  was  shifted  toward  lower  energy  [10]. 
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The  PL  peak  energy  of  ihe  TIInGaAs/InP  DH  samples  varied  only  slightly  with 
temperature  as  shown  in  figure  3.  As  the  T1  composition  increased,  the  temperature 
variation  of  the  peak  energy  decreased.  For  all  the  DH  samples,  the  temperature  variation 
of  the  peak  energy  was  much  smaller  than  that  of  InAs.  It  is  noteworthy  that  the  bandgap 
energy  (~  0.8  eV)  of  TlInGaAs  is  larger  than  that  of  InAs  (0.356  eV).  In  general,  the  wider 
bandgap  a  material  has,  the  larger  variation  of  bandgap  energy  with  temperature.  The 
TlInGaAs/InP  DH  sample  with  a  T1  composition  of  13  %  showed  very  small  temperature 
variation  of  as  small  as  -0.03  meV/K,  which  corresponds  to  the  wavelength  variation  of 
0.04  nm/K,  This  value  is  much  smaller  than  those  of  lasing  wavelengths  for  the 
InGaA.sP/InP  Fabry  Perot  LDs  (0.04  nm/K)  as  well  as  the  InGaAsP/InP  DFB  LDs  (O.I 
nm/K).  The  InGaAsP/InP  DFB  LDs  are  presently  used  in  the  optical  fiber  communication 
systems.  With  further  increase  of  T1  composition,  we  can  expect  real 
temperature-independent  bandgap  energy  or  positive  temperature-dependence. 

EL  PROPERTIES 

TlInGaAs/InP  DH  LED  samples  were  composed  of  (i)  a  Si-doped  n-type  InP  cladding 
layer  (n=l  X  lO”^  cm  ■^),  (ii)  an  undoped  TlInGaAs  active  layer,  (iii)  a  Be-doped  p-type  InP 
cladding  layer  (p=I  X  lO"'  cm'^)  and  (vi)  a  Be-doped  p-lype  InGaAs  contact  layer  (p=l  X 
10  cm^).  TI  composition  was  6%.  Two  types  of  LEDs  were  fabricated;  one  is  surface 
emitting  LEDs  and  the  other  is  edge  emitting  LEDs.  The  former  has  100  pm-diameter 
circular  p-type  electrode  on  the  p-type  InGaAs  contact  layer  and  the  EL  light  output  was 
detected  from  the  top  surface.  The  latter  has  70  pm-wide  and  300  pm-length  stripe  p-type 
electrode  and  the  light  output  was  detected  from  the  cleaved-edge  surface. 

Figure  4  shows  the  temperature  variation  of  EL  peak  energies  for  both  types  of  LEDs. 
Small  temperature  variation  was  observed;  -0.09  meV/K  and  -0.088  meV/K.  These  values 


Figure  4.  Temperature  variation  of  the  EL  peak  energies  for  (a)  surface-emitting  and  (b) 
edge-emitting  TlInGaA.s/InP  DH  LEDs. 

are  the  same  as  that  of  the  PL  peak  energy  for  the  DH  sample  with  6%  Tl  composition 
(figure  3).  The  results  indicate  that  the  small  temperature  variation  characteristic  was 
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confirmed  also  on  the  device  level.  Therefore,  the  TlInGaAs/InP  heterostructures  are 
promising  to  realize  the  temperature-independent  wavelength  LDs,  which  are  important  in 
the  WDM  optical  fiber  communication  systems. 

SUMMARY 

In  summary,  we  have  grown  TlInGaAs/InP  DH  samples  on  (100)  InP  substrates  by  gas 
source  MBE.  It  was  confirmed  that  the  temperature  variation  of  the  PL  peak  energy  for  the 
TlInGaAs/InP  DH  sample  decreased  with  increasing  T1  composition.  The  PL  peak  energy 
of  the  13%  T1  DH  sample  varied  only  slightly  with  temperature  (-0.03  meV/K).  This  value 
corresponds  to  a  wavelength  variation  of  0.04  nm/K  and  is  much  smaller  than  that  of  the 
lasing  wavelength  of  InGaAsP/InP  DFB  LDs  (0.1  nm/K).  The  TlInGaAs/InP  DH  LEDs 
were  also  fabricated  and  the  similar  small  temperature  variation  of  the  EL  peak  energy 
was  observed. 
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ABSTRACT 

It  has  been  reported  that  Zn  atoms  diffused  from  the  Zn-doped  p-InAlP  cladding  to  the  active 
layer  in  InGaAlP  visible-light-emitting  diodes  cause  a  degradation  of  light  output  efficiency.  A 
doping  effect  of  the  Zn  atoms  was  then  investigated  using  a  Piezoelectric  Photothermal 
Spectroscopy  from  a  nonradiative  transition  point  of  view.  The  results  indicate  that  the 
Zn-doping  unexpectedly  induces  a  decrease  of  the  nonradiative  component  of  the  electron 
transitions  above  the  band  gap  of  the  active  layer.  The  experimental  results  are  explained  by 
considering  that  Zn  doping  cause  the  increase  of  both  shallow  and  deep  acceptor  levels  at  the 
same  time  with  the  different  rate  for  generation. 


INTRODUCTION 

Recently,  high-brightness  operation  from  the  orange  to  green  region  have  been  obtained  for 
the  InGaAlP  LEDs  using  InAlP  cladding  layers  and  distributed  Bragg  reflectors  (DBRs)  grown 
by  metal  organic  chemical- vapor  deposition  (MOCVD)  method  [1].  But  one  of  the  problems  in 
the  InGaAlP  LEDs  is  a  degradation  of  light  output  power,  which  may  be  caused  by  the  presence 
of  Zn  atoms  diffused  from  Zn-doped  InAlP  cladding  layer  during  the  device  manufacturing 
processes.  Since  a  lifetime  of  the  injected  carriers  in  the  active  layer  decreased  with  increasing 
Zn  concentrations,  the  diffused  Zn  was  considered  to  create  a  not  only  shallow  acceptor  but  also 
deep  defect  levels  at  the  same  time  in  the  InGaAlP  active  layer  [2].  However,  details  have  not 
been  clear  yet. 

For  the  semiconductors  which  have  such  deep  levels,  nonradiative  processes  may  play  an 
important  role  for  the  electron  transition  mechanisms.  However,  Photoluminescence  methods 
can’t  detect  such  nonradiative  transitions.  The  great  advantage  of  the  Piezoelectric 
Photothermal  Spectroscopy  (PPTS)  is  that  it  is  a  direct  monitor  of  the  nonradiative 
recombination  processes  of  photoexcited  electrons.  Therefore,  it  is  useful  to  clarify  the  effect 
of  diffused  Zn  atoms  in  InGaAlP  active  layer  from  the  nonradiative  transition  point  of  view. 
We  have  already  reported  [3,  4]  that  the  nonradiative  transition  in  semi-insulating  bulk  GaAs  and 
in  AlGaAs/GaAs  heterostructure  sample  could  be  clearly  understood  by  this  technique.  In  this 
paper,  we  propose  here  a  model  for  an  effect  of  Zn  doping  and  for  an  electron  transition 
mechanism  through  the  nonradiative  pathways  to  explain  our  results.  The  effect  of  DBRs  is 
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also  taken  into  account.  We  conclude  that  deep  defect  level  generated  by  the  Zn  atoms 
diffusion  play  an  important  role  for  the  degradation  of  the  LEDs. 


EXPERIMENT 

Two  InGaAlP  LEDs  which  have  Zn-doped  or  not  intentionally  doped  InGaAlP  active  layer 
were  prepared  to  clarify  an  effect  of  Zn-doping.  Figure  1  shows  a  schematic  diagram  of  the 
present  In(,5(Ga(,.72Al(,2«)c).5P  LEDs  samples.  The  In(,5(Ga(,72Al<,.2s)o.5P  (hereafter,  refer  to 
InGaAlP)  active,  Ino.sAL.sP  (refer  to  InAlP)  cladding  and,  DBRs  layers  were  grown  by  MOCVD 
on  (100)  n-GaAs  substrate  tilted  15°off  toward  [Oil].  A  DBR  consisting  of  a  pair  of  n-  InAlP 
and  n-GaAs  is  an  important  component  to  avoid  a  reduction  of  light  extraction  efficiency  due  to 
the  light  absorption  in  the  GaAs  substrate. 

For  the  PPTS  measurements,  the  piezoelectric  transducer  (PZT)  was  attached  ton  the  GaAs 
substrate  side  of  the  sample  using  a  silver  conduction  paste.  The  probing  light  from  a  grating 
monochromator  was  mechanically  chopped  and  focused  on  the  epitaxial  layers  side.  Details  of 
the  experimental  procedures  were  reported  previously  [5]. 


Probing-light 
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Figure  1.  Schematic  diagram  of  InGaAlP  LEDs  samples.  For  the  PPTS  measurements,  the 
piezoelectric  transducer  (PZT)  was  attached  to  the  GaAs  substrate  side  of  the  sample  using  a 
silver  conducting  paste.  The  probing-light  from  a  grating  monochromator  was  mechanically 
chopped  and  focused  on  the  epitaxial  layers  side. 


RESULTS  AND  DISCUSSION 

The  PPT  spectra  of  non-  and  Zn-doped  InGaAlP  LEDs  at  297K  are  shown  in  Figure  2.  For 
the  non-doped  sample,  the  PPT  signal  peaks  that  reflect  well  the  optical  properties  of  the  n-GaAs 
substrate  are  observed  below  1.4eV,  which  corresponds  to  the  direct  bandgap  energy  (E,.)  of 
GaAs  of  1.43eV  at  297K.  In  the  higher  energy  region,  the  PPT  signals  show  a  rapid  increase 
and  a  subsequent  decrea.se  about  2.1eV  and  2.6c V,  respectively.  These  photon  energies 
correspond  to  Eg  of  InGaAlP  (2.07eV)  and  of  InAlP  (2.5cV)  at  297K,  respectively  [6]. 
Therefore,  it  can  be  considered  that  the  PPT  signals  ranging  from  2.1eV  to  2.6eV  are  due  to  the 
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nonradiative  transition  in  the  InGaAlP  active  layers.  We  hereafter  refer  this  band  to  B-band. 
Figure  2  also  shows  the  effect  of  Zn-doping  in  InGaAlP  active  layers.  The  PPT  signal  intensity 
of  the  Zn-doped  sample  decreases  about  12  times  smaller  than  that  of  non-doped  one.  If 
Zn-related  levels  induced  by  a  doping  act  as  a  nonradiative  recombination  center,  the  PPT  signal 
intensity  should  increase.  This  is  not  the  case  for  the  present  result. 

Additional  fine  structure  is  observed  in  the  photon  energy  region  between  1.5  and  2.0eV, 
below  the  band-gap  of  InGaAlP  active  layer.  These  are  shown  in  Figure  3  with  expanded  vertical 
scale.  We  consider  this  signal  results  from  DBRs.  The  calculated  results  for  the  reflectivity  due 
to  the  presence  of  DBRs  are  shown  in  Fig.3  by  open  circles.  The  experimental  results  for 
Zn-doped  sample  were  also  shown  in  the  figure.  All  of  the  photon  energy  positions  for  observed 
humps  and  dips  are  well  corresponded  to  the  calculated  results.  The  same  result  is  observed  for 
non-doped  sample.  However,  the  PPT  signal  intensity  of  the  Zn-doped  sample  is  larger  than 
that  of  non-doped  one  in  this  photon  energy  region.  The  doping  effect  of  the  PPT  signal 
intensity  is  reversed  below  and  above  2.1eV. 


hv  of  Probing-light(eV) 

Figure  2.  PPT  amplitude  spectra  of  Ino.5(Ga().72Alo.28)o.5P  at  297K.  The  solid  and  broken  curve 
is  non-doped  and  Zn-doped  sample,  respectively. 
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hv  of  Probing-Iight(eV) 

Figure  3,  PFT  amplitude  spectra  of  Zn-doped  sample  and  calculation  of  reflectance  in  DBRs  at 
297K.  The  solid  curve  and  the  open  circle  are  experiment  of  Zn-doped  sample  and  calculation 
of  reflectance  in  DBRs,  respectively.  There  is  good  agreement  between  experiment  and 
calculation. 

We,  here,  propose  a  carrier  recombination  model  in  the  active  layer  for  explaining  why  the 
PPT  signal  intensity  of  B-band  decreases  by  doping.  Supposing  that  the  introduced  Zn  atom 
occupy  the  substitutional  site  in  the  active  layer,  it  is  reasonable  to  consider  that  the  Zn  atoms 
act  as  shallow  acceptor  levels  even  when  the  Zn  atom  resides  at  Ga  or  As  site.  We  first  propose 
that  the  transition  of  photo-excited  electrons  from  conduction  band  to  such  shallow  acceptor 
level  generates  the  heat  by  the  nonradiative  process  and  cause  the  PPT  signal.  Since  the  Zn 
doping  increases  the  concentration  of  those  acceptor  level,  the  PPT  signal  should  increase  with 
doping.  However,  this  is  not  the  case. 

Then  we  consider  next  that  the  Zn  atoms  occupy  the  substitutional  and  the  interstitial  sites 
in  the  active  layer.  In  this  case,  the  Zn  atoms  form  the  shallow  acceptor  and  the  deep  level, 
respectively,  at  the  same  time.  The  schematic  model  is  shown  in  Figure  4.  Transition  (1)  means 
excitation  of  electrons  from  valence  to  conduction  band,  transition  (2)  means  radiative  transition 
from  conduction  to  valence  band,  transition  (3)  means  radiative  transition  from  conduction  band 
to  shallow  acceptor  level,  transition  (4)  means  nonradiative  transition  from  conduction  band  to 
deep  level  and  this  cause  the  PPT  signal.  When  the  sample  was  doped  with  Zn  atoms,  the  number 
of  both  shallow  and  deep  acceptor  levels  increases.  However,  we  ftirther  assume  here  that  the 
increasing  rate  for  the  deeper  acceptor  level  is  small  compared  with  that  of  shallow  level.  This  is 
because  that  the  Zn  atom  can  easily  reside  at  substitutional  rather  than  at  interstitial  site. 
According  to  the  present  model,  the  number  of  photoexcited  electrons  that  can  recombine  with 
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the  deep  level  and  cause  the  PPT  signal  decreases  with  Zn  doping.  Most  of  the  photoexcited 
carriers  may  recombine  with  shallow  acceptor  through  the  radiative  transition  and  the  number  of 
the  electrons  that  can  recombine  with  deep  level  decreases.  This  results  in  the  decrease  of  the 
PPT  signal  by  doping. 

Photoluminescence  (PL)  measurements  for  the  same  sample  have  already  been  carried  out 
[2].  Since  PL  lifetime,  determined  from  a  time  resolved  PL  technique,  decreased  by  doping  of 
Zn,  they  considered  that  introduced  Zn  atom  from  p-type  clad  to  the  active  layer  formed  deep 
defect  levels  and  caused  the  degradation  for  the  luminescence.  However,  our  model  has 
assumed  that  the  increasing  rate  for  the  deeper  acceptor  level  was  small  than  that  of  the  shallow 
acceptor  level.  Detailed  discussion  for  clarifying  this  inconsistency  is  now  carrying  on. 


Figure  4.  Schematic  model  of  before  Zn  dope  (a)  and  after  Zn  dope  (b)  in  the  active  layer. 


CONCLUSION 

The  PPTS  measurements  of  InGaAlP  LED  with  non-  and  Zn-doped  active  layers  were 
carried  out  to  investigate  an  effect  of  Zn-doping  to  the  active  layer.  The  results  imply  that  the 
Zn  atom  doping  creates  not  only  a  shallow  acceptor  but  also  deep  defect  levels  at  the  same  time 
in  the  InGaAlP  active  layer.  The  decrease  of  the  PPT  signal  intensity  with  Zn  doping  for  B 
band  was  explained  by  supposing  that  the  shallow  level  was  easily  formed  than  the  deep  levels. 
However,  the  present  model  cannot  reach  the  conclusion  that  the  light  emission  efficiency  of  the 
present  LEDs  decreases  with  Zn  doping.  More  detailed  experiments  should  be  carried  out  for 
further  discussions. 
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ABSTRACT 

AlxGa(i.x)As/GaAs  quantum  well  lasers  have  been  demonstrated  via  organometallic  chemical 
vapor  deposition  (OMCVD)  on  relaxed  graded  Ge/GexSi(i-x)  virtual  substrates  on  Si.  Despite  un¬ 
optimized  laser  structures  with  high  series  resistance  and  large  threshold  current  densities, 
surface  threading  dislocation  densities  as  low  as  2x10^  cm'^  enabled  cw  room-temperature  lasing 
at  a  wavelength  of  858nm.  The  laser  structures  are  oxide-stripe  gain-guided  devices  with 
differential  quantum  efficiencies  of  0.16  and  threshold  current  densities  of  1550A/cm^.  Identical 
devices  grown  on  commercial  GaAs  substrates  showed  differential  quantum  efficiencies  of  0.14 
and  threshold  current  densities  of  1700A/cm^  This  comparative  data  agrees  with  our  previous 
measurements  of  near-bulk  minority  carrier  lifetimes  in  GaAs  grown  on  Ge/GeSi/Si  substrates. 

A  number  of  GaAs/Ge/Si  integration  issues  including  thermal  expansion  mismatch  and  Ge 
autodoping  behavior  in  GaAs  were  overcome. 

INTRODUCTION 

Semiconductor  lasers  remain  a  primary  goal  for  GaAs  on  Si  integration  due  to  their 
proven  usefulness  in  a  wide  variety  of  optoelectronic  applications,  but  they  also  remain  the  most 
difficult  devices  to  demonstrate  successfully.  As  high-power  minority  carrier  devices, 
semiconductor  lasers  are  very  sensitive  to  epitaxial  material  quality  and  crystal  defect  density. 
Early  attempts  to  grow  reliable  GaAs  lasers  directly  on  Si  using  a  wide  variety  of  epitaxial 
techniques  were  unsuccessful  [1].  The  4.1%  lattice  mismatch  between  GaAs  and  Si  leads  to 
unacceptably  high  densities  of  threading  dislocation  defects  (  >  10^  cm'^)  in  the  active  regions  of 
lasers  grown  directly  on  Si,  resulting  in  very  short  device  lifetimes.  More  recently,  alternative 
techniques  involving  wafer  bonding  [2],  epitaxial  lateral  overgrowth  [3]  and  migration-enhanced 
epitaxy  [4]  were  investigated  for  integration  applications.  While  bonding  in  particular  has 
attracted  much  interest,  this  technique  is  inherently  cost-limited  as  device  density  increases,  and 
faces  continued  difficulties  with  contact  resistance  at  the  bond  interface. 

Continuing  work  in  our  group  has  demonstrated  an  alternative  approach  to  successful 
monolithic  GaAs  on  Si  integration  making  use  of  relaxed  graded  Ge/GeSi  buffer  layers  [5].  Ting 
[6]  has  demonstrated  high-quality  diode  structures  on  Ge/GeSi  buffers  on  Si  and  has  shown  how 
past  difficulties  with  anti-phase  boundary  (APB)  formation  at  the  GaAs/Ge  interface  can  be 
avoided  with  high-temperature  initiation  on  deliberately  offcut  substrates.  Surface  threading 
dislocation  densities  in  these  samples  have  been  measured  at  2  x  10^  cm‘^  using  defect  selective 
etching  and  plan-view  transmission  electron  microscopy  (TEM).  Minority  carrier  lifetime 
measurements  for  GaAs  films  grown  on  GeSi/Ge  buffers  [7]  have  shown  lifetimes  comparable  to 
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bulk  GaAs,  indicating  that  the  mean  dislocation  spacing  has  approached  the  minority  carrier 
diffusion  length  in  this  optimized  material. 

The  thermal  expansion  coefficient  of  Si  is  significantly  smaller  than  GaAs. 
Consequently,  growth  of  GaAs  on  Si  substrates  by  high-temperature  CVD  leads  to  trapped 
tensile  strain  in  GaAs  device  layers  on  Ge/GeSi/Si.  Efforts  have  been  taken  to  reduce  this 
tensile  strain  by  introducing  deliberate  compressive  strain  in  the  Ge/GeSi  buffer  layers  [5].  This 
comprepive  strain  yields  cubic  Ge  layers  on  Si  after  cooldown  at  room  temperature,  but  at  the 
cost  of  increased  compressive  strain  and  imperfect  GaAs/Ge  lattice  matching  at  the  growth 
temperature.  Compressive  strain  in  the  Ge  buffer  will  limit  the  critical  thickness  for  strained 
InxGa<i.x)As  quantum  wells  in  GaAs  grown  above  it. 

GaAs  grown  on  Ge  can  introduce  complications  for  device  integration  due  to  autodoping 
effects  from  amphoteric  Ge  moving  into  the  GaAs  above  it.  This  Ge  can  act  to  compensate 
intentional  dopants  in  GaAs  device  layers  and  increase  free-carrier  absorption  in  laser  active 
regions.  Work  by  Srinivasan  [8]  and  others  [9],[  10]  has  shown  that  autodoping  can  occur  via 
transport  in  the  vapor  phase  during  film  growth,  and  that  this  gas-phase  reaction  depends 
strongly  on  reactor  pressure  and  on  the  temperature  and  time  of  pregrowth  annealing. 

In  the  present  study,  GaAs/AlGaAs/InGaAs  laser  structures  were  grown  on  relaxed 
graded  Ge/GeSi  graded  buffers  on  Si  substrates  and  compared  to  identical  lasers  on  commercial 
GaAs  substrates.  The  initial  structures  and  growth  recipes  were  then  modified  to  account  for 
thermal  expansion  effects  and  Ge  autodoping  in  the  devices  grown  on  Ge/GeSi/Si. 

EXPERIMENTAL  DETAILS 


All  laser  structures  were  grown  in  an  atmospheric  organomctallic  chemical  vapor 
deposition  (OMCVD)  reactor  operating  at  750  °C.  Commercial  (100)  n+  GaAs  substrates  offeut 
2°  towards  [1 10]  were  used  as  controls.  For  growth  on  Si,  relaxed  Ge  on  graded  Ge^Sid.^, 
buffers  on  (100)  Si  offeut  6°  towards  the  [110]  were  used.  The  details  of  the  Ge/GeSi  buffer 
growth  process  and  its  optimization  for  GaAs  growth  has  been  reported  elsewhere  [5]. 

The  laser  structures  grown  for  these  experiments  were  AlGaAs/GaAs/InGaAs  graded 
index  separate  confinement  heterostructurc  (GRINSCH)  quantum-well  devices.  The  structure  is 
shown  in  Figure  1 .  The  growths  began  with  a  500nm  GaAs  buffer  (n  =  6  x  lO'*"  cm  '*)  followed 
by  a  1.1  Jim  AI().6Ga().4As  cladding  layer  (n  =  4  x  lO"^  cm’^).  After  this  a  symmetric  graded 
AlxGa<].x)As  structure  (.v  =  0.6  to  0.2)  centered  around  an  8  nm  Ino.2Ga<,.KAs  quantum  well  was 


Figure  1:  Schematic  of  laser 
structure  used  for  this 
experiment.  Devices  with 
lOnm  GaAs  QWs  and 
AlodGao.xAs  SCHs  were  also 
grown  to  avoid  misfit 
dislocations  in  the  quantum 
wells. 
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grown  without  doping.  This  structure  was  capped  with  another  1 .1  p,m  Alo.6Gao.4As  cladding 
layer  (p  =  2  x  lO'^  cm'^)  and  a  highly  doped  50nm  GaAs  contact  layer  (p  =  1  x  I0‘^  cm'^).  Film 
thicknesses  were  confirmed  with  TEM,  and  dopant  concentrations  were  measured  using 
secondary  ion  mass  spectroscopy  (SIMS), 

Oxide-stripe  gain-guided  devices  were  fabricated  from  these  structures  with  5  |xm  stripe- 
widths.  To  reduce  series  resistance  through  the  substrate,  n-side  contact  stripes  were  etched 
through  the  GaAs  layers  to  the  Ge  buffer  layer,  defining  wide  (100  |xm)  ridge  waveguides. 
Devices  were  then  thinned  and  cleaved  into  bars  of  varying  lengths. 

RESULTS  AND  DISCUSSION 

In0.2Ga0.sAs  quantum  well  lasers  grown  on  GaAs  substrates  operated  cw  at  room 
temperature  and  demonstrated  a  threshold  current  density  of  1370  A/cm^  and  a  differential 
quantum  efficiency  of  0.30  at  a  wavelength  of  1005  nm.  Identical  devices  grown  on  Ge/GeSi/Si 
substrates  did  not  lase  and  showed  a  subthreshold  differential  quantum  efficiency  of  7.1  x  10'^. 
Cross-sectional  TEM  of  similar  devices  on  Ge/GeSi/Si  substrates  showed  misfit  dislocations  in 
the  quantum  well,  indicating  that  the  critical  thickness  for  Ino.2Gao.8As  in  these  samples  was  less 
than  8  nm.  As  mentioned  above,  the  reduced  critical  thickness  for  compressive  InGaAs  on  a 
Ge/GeSi/Si  substrate  is  likely  due  to  the  increased  compressive  strain  in  the  Ge/GeSi  buffer  layer 
at  the  growth  temperature. 

SIMS  scans  of  similar  structures  on  Ge/GeSi/Si  substrates  in  Figure  2a  show  uniform  Ge 
contamination  in  all  layers  of  the  GaAs  device  at  concentrations  of  1x10*^  cm'^  or  higher.  The 
flat  Ge  doping  profile  throughout  the  device  structure  with  a  small  peak  in  the  low-growth-rate 
quantum  well  region  confirms  the  dominance  of  vapor-phase  transport  from  external  sources 
over  other  autodoping  mechanisms  such  as  solid-state  diffusion,  which  would  be  expected  to 
show  a  decreasing  Ge  concentration  with  device  thickness.  The  high  pressures  and  temperatures 
present  in  the  OMCVD  growth  chamber,  coupled  with  a  5-minute  pregrowth  anneal  step  at  700 
°C  provided  ample  opportunity  for  Ge  substrate  evolution  into  the  vapor  phase  and  subsequent 
deposition  in  the  GaAs/AlGaAs/InGaAs  device  layers. 


0  0.5  1  1.5  2  2.5  3  3.5  4 
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Figure  2:  SIMS  data  showing  (a.)  Ge  contamination  in  device  layers  and  (b.)  reduced 
contamination  with  the  improved  recipe  to  remove  Ge  vapor  sources  in  the  reactor 
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To  avoid  the  difficulties  with  compressive  strain  introduced  by  the  Ge/GcSi  buffer  layers, 
identical  laser  structures  were  grown  substituting  a  lOnm  GaAs  quantum  well  for  the  8nm 
InGaAs  quantum  well.  The  GaAs  quantum  well  removes  the  problem  of  strain-induced  misfit 
dislocations  in  the  quantum  well  at  the  cost  of  reduced  electrical  and  optical  confinement  and 
less  resistance  to  dark-line  defects  [11]. 

To  reduce  the  high  Ge  autodoping  in  the  device  layers,  a  series  of  experiments  was  run  to 
pinpoint  the  chief  sources  of  Ge  in  the  growth  sequence.  Four  steps  were  taken  to  remove 
potential  sources  for  gas-phase  Ge  evolution:  1 .)  cleaning  the  reactor  tube,  2.)  changing  the 
graphite  susceptor  the  sample  rests  on  during  growth,  3.)  capping  the  front  Ge/GeSi  surface  with 
GaAs,  and  4.)  polishing  the  wafer  backside  to  remove  Ge  underneath  the  device.  Reducing  the 
reactor  pressure  or  growth  temperature  may  reduce  aulodoping;  but  this  is  not  possible  with  the 
available  CVD  reactor  and  our  optimized  APB-free  GaAs  on  Ge  nucleation  recipe. 

SIMS  scans  showed  reduced  Ge  contamination  in  the  GaAs  device  layers  for  the  four 
steps  mentioned  above.  The  largest  reduction  came  with  a  combination  of  all  four  techniques 
which  then  became  the  growth  recipe  used  for  all  further  GaAs  growths  on  Ge/GeSi/Si 
.sub.strates.  The  final  recipe  for  controlling  Ge  autodoping  in  GaAs  was  to  grow  a  thin  (200nm) 
GaAs  cap  layer  on  the  Ge/GeSi/Si  substrate,  remove  the  substrate,  polish  the  backside 
mechanically  to  remove  about  10  jim  of  the  wafer  and  all  Ge  at  this  interface,  then  reinsert  the 
capped  and  polished  substrate  into  a  cleaned  reactor  tube  with  a  new  graphite  susceptor. 

Although  this  procedure  is  complicated,  it  reduced  the  Ge  autodoping  in  the  GaA.s/AlGaAs 
device  layers  to  undetectable  limits  (<  lO"^’  cm‘^)  and  yielded  high-quality  films  above  the 
regrowth  interface.  The  SIMS  data  showing  this  reduced  Ge  concentration  is  shown  in  Figure 
2b. 

GaAs/AlGaAs  quantum-well  GRINSCH  laser  .structures  were  then  grown  on  Ge/GeSi/Si 
substrates  and  tested.  The.se  devices  operated  cw  at  room  temperature,  demonstrating  a  threshold 
current  density  of  1550  A/cm^  and  a  differential  quantum  efficiency  of  0.16  at  a  wavelength  of 
858  nm.  Identical  devices  grown  on  GaAs  substrates  showed  a  thrc.shold  current  density  of 
1 700A/cm^  and  a  differential  quantum  efficiency  of  0. 14.  The  light  vs.  current  and  current  vs. 
voltage  data  for  the  devices  on  Ge/GcSi/Si  and  GaAs  are  shown  in  Figure  3.  The  temperature 
sensitivity  of  both  devices  was  also  measured;  the  la.scr  on  Ge/GcSi/Si  had  a  characteristic 
temperature  To  of  61  K,  while  the  device  on  GaAs  had  a  measured  To  of  128  K.  The  current- 
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Figure  3:  Side-by-side  light  vs.  current  (a.)  and  current  vs.  voltage  (b.)  characteristics  for 
identical  GaAs/AIGaAs  GRINSCH-QW  lasers  grown  on  Ge/GeSi/Si  and  GaAs  substrates 
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voltage  characteristics  of  the  device  on  Ge/GeSi/Si  showed  higher  turn-on  voltages  and  slightly 
larger  series  resistance  at  high  current  levels  than  the  device  on  GaAs. 

Reliability  measurements  were  made  at  constant  currents  for  both  devices.  The  lasers  on 
Ge/GeSi/Si  showed  gradual  degradation  after  only  a  few  minutes,  and  fell  below  threshold  after 
a  little  more  than  20  minutes.  The  device  on  GaAs  showed  no  obvious  degradation.  A  plot  of 
the  measured  light  intensity  vs.  time  for  two  sample  devices  is  shown  in  Figure  4. 


Time  (minutes) 


Figure  4:  Lifetime  measurements  at  constant  current  for  representative  devices  on 
Ge/GeSi/Si  and  GaAs  substrates.  The  lasing  threshold  power  was  ImW  for  both  devices 
at  860nm 

The  higher  series  resistance  and  lower  characteristic  temperature  (and  thus  lower 
lifetimes)  for  the  laser  on  Ge/GeSi/Si  indicates  that  this  device  will  require  further  optimization. 
Adding  InxGa{i.x)As  to  the  active  region  would  increase  reliability  by  inhibiting  dark- line  defect 
propagation,  if  indeed  that  is  the  responsible  degradation  mechanism.  Care  would  need  to  be 
taken  to  avoid  the  thermal  expansion  mismatch  problems  encountered  previously,  perhaps  by 
finding  a  way  to  relax  compressive  strain  at  the  growth  temperature  below  the  quantum  well 
interface.  Improved  contact  geometries  (to  avoid  contacting  through  the  double  junction  at  the 
GaAs/Ge  interface)  and  facet  coating  may  also  be  useful  in  reducing  turn-on  and  threshold 
current  densities.  Further  investigation  of  the  failed  devices  on  Ge/GeSi/Si  will  help  to 
understand  the  exact  mechanisms  responsible  for  the  observed  gradual  degradation  behaviors. 

CONCLUSIONS 

AlGaAs/GaAs  quantum-well  lasers  have  been  demonstrated  on  relaxed  Ge/GeSi  on  Si 
substrates  for  the  first  time.  These  devices  operated  cw  at  room  temperature  with  roughly 
equivalent  operating  characteristics  to  identical  devices  grown  on  commercial  GaAs  substrates. 
By  avoiding  super-critical  InGaAs  quantum  wells  and  taking  steps  to  avoid  autodoping  effects 
from  the  Ge  buffer  layer,  these  lasers  showed  dramatic  improvement  over  earlier  devices. 
Device  lifetimes  on  Ge/GeSi/Si  substrates  were  less  than  20  min  at  room  temperature  due  to  a 
still  undetermined  failure  mechanism.  Despite  this  rapid  degradation,  measured  near-bulk 
minority  carrier  lifetimes  in  GaAs  on  Ge/GeSi/Si  reassure  us  that  no  fundamental  materials 
issues  stand  between  these  devices  and  reliable  GaAs/AlGaAs/InGaAs  laser  operation  on  Si 
substrates.  Further  optimization  will  seek  to  increase  device  lifetimes  while  improving  laser 
performance. 
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ABSTRACT 

Nanosized  lithium  manganate  powders  are  successfully  synthesized  via  a  newly 
developed  reverse-microemulsion  (RpE)  process.  Monophasic  LiMn204  powders  are  obtained 
after  calcining  the  precursor  powders  at  700°C.  The  particle  size  of  the  spinel  compound 
significantly  depends  on  the  concentration  of  the  aqueous  phase.  Increasing  the  water-to-oil 
volume  ratio  results  in  an  increase  in  the  particle  size.  While  the  aqueous  phase  is  equal  to  0.5 
M,  the  size  of  the  obtained  LiMn204  powder  is  around  60-70  nm.  It  is  found  that  the  specific 
capacity  of  nanosized  LiMn204  particles  is  greater  than  that  of  submicron  particles.  The  large 
surface  area  of  ultrafine  particles  is  considered  to  facilitate  the  intercalation  and  deintercalation 
of  lithium  ions  during  the  cycling  test. 


INTRODUCTION 

Lately,  lithium-ion  secondary  batteries  have  became  one  of  the  most  promising  candidates 
in  the  field  of  rechargeable  batteries  owing  to  their  high  working  voltage,  high  energy  density, 
steady  discharging  properties,  and  long  cycle  life.  For  perfecting  the  performance  of  lithium 
ion  batteries,  the  electrochemical  characteristics  of  cathode  materials  have  been  intensively 
investigated.  A  variety  of  lithiated  transition  metal  oxides  including  LiCo02,  LiNi02,  and 
LiMn204have  been  explored  for  utilizing  as  cathode  electrodes  in  lithium-ion  secondary 
batteries  [1-4].  Among  these  cathode  materials,  lithium  manganate  with  a  spinel  structure  is  of 
particular  interest  for  using  in  the  rechargeable  cells  because  of  its  inexpensive  material  cost, 
acceptable  environmental  characteristics,  and  better  safety  compared  to  LiCo02.  However, 
LiMn204  suffers  the  disadvantages  of  relatively  low  discharge  capacity  and  serious  capacity 
fading  during  the  cycling  process  [6-8].  For  optimizing  the  electrochemical  performance  of 
LiMn204,  a  great  deal  of  efforts  have  been  devoted  to  synthesize  LiMn204  powders  with  a 
controlled  morphology  [9,10].  A  new  reverse-microemulsion  (RpE)  process  was  thus  to 
control  the  morphology  and  particle  size  of  LiMn204  powders,developed  in  this  study,  and  the 
electrochemical  performance  of  the  obtained  powders  was  also  evaluated. 

EXPERIMENTAL  DETAILS 

Lithium  nitrate  (LiNOs)  and  manganese  nitrate  (Mn(N03)2)  were  chosen  as  the  starting 
materials.  The  well-dispersed  aqueous  phase  was  mixed  with  the  continuous  phase  that 
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comprised  oil  and  surfactant.  After  emulsifying  these  starting  compounds,  a  transparent  RpE 
system  was  successfully  obtained.  The  RpE  system  was  heated  and  dried  for  preparing  the 
precursors  of  the  target  spinel  compound.  The  precursor  powders  were  calcined  in  a  tube 
furnace  at  350”C  with  a  heating  rate  of  lO^’C  /min  to  obtain  the  LiMn204  powders.  The  powders 
prepared  at  the  cationic  concentration  of  0.5  M  and  2.0  M  were  named  as  .sample  A  and  B, 
respectively.  The  cry.stallinity  of  the  formed  products  was  identified  via  the  powder  X-ray 
diffraction  (XRD)  analysis.  The  morphology  and  the  particle  size  of  the  obtained  powders  were 
measured  with  a  field  emission  scanning  electron  micro.scopy  (FESEM).  The  electrochemical 
cell  was  composed  of  the  RpE-  derived  LiMnoOj  powders  as  the  cathode,  lithium  foil  as  the 
anode,  and  an  electrolyte  of  1  M  LiPFr,  in  ethylene  carbonate  (EC)  and  1 ,2-dimethyl  carbonate 
(DMC)  .solution.  The  charge  and  di.scharge  characteristics  of  the  cathode  materials  were 
investigated  using  a  current  density  of  0.23  mA/cm"  in  the  voltage  range  of  3.0  and  4.3  V. 


RESULTS  AND  DISCUSSION 

Figure  1  illustrates  the  XRD  patterns  of  the  RpE  derived  specimens  heated  at  700"C  for  1  h. 
After  analyzing  the  structural  characteristics,  thc.se  calcined  powders  were  identified  to  be 
monophasic  spinel  LiMn204  with  a  cubic  unit  cell  and  a  space  group  of  Fd3m.  All  the 
diffraction  peaks  were  consi.stent  with  the  data  in  ICDD  PDF  No.  35-782.  It  is  confirmed  that  at 
the  cationic  concentration  of  0.5  and  2.0  M,  pure  spinel  LiMn204  powders  can  be  effectively 
synthesized  using  the  RpE  process. 
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Fig.  1  XRD  patterns  of  the  RpE-derived  powders. 
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(a)  (b) 


Fig.  2  The  FESEM  photos  of  the  RpE-derived  powders  (a)  sample  A  and  (b)  sample  B. 

Figure  2  illustrates  the  field  emission  scanning  electron  microscopic  photos  of  the  pure 
spinel  powders.  Sample  A  has  an  uniform  morphology  and  the  particle  sizes  are  around  60-70 
nm  with  a  narrow  size  distribution.  Meanwhile,  the  mean  particle  size  of  sample  B  is  136  nm 
much  larger  than  that  of  sample  A.  It  was  found  that  the  particle  size  of  the  RpE  powders 
increased  monotonously  with  a  rise  in  the  cationic  concentration.  In  comparison  with  previous 
solution  methods,  the  RpE  process  significantly  reduces  the  particle  size  of  LiMn204even 
down  to  a  nanosized  order. 

Figure  3  shows  the  charge-discharge  profiles  for  the  700°C -calcined  samples  cycled  at 
0.23  mA/cm“.  The  cell  consisting  of  sample  A  delivered  the  discharge  capacity  of  1 16  mAh/g 
in  the  first  cycle  at  room  temperature.  After  ten  cycles,  the  discharge  capacity  retained  104.2 
mAh/g.  For  the  electrochemical  characteristics  of  the  sample  B,  the  discharge  capacity  in  the 
first  cycle  was  92.2  mAh/g,  which  was  smaller  than  that  of  sample  A.  The  superior 
performance  of  sample  A  was  attributed  to  the  larger  surface  area  of  smaller  particles,  which 
facilitated  lithium  ions  to  participate  in  the  intercalation/deintercalation  process. 
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Fig.  3  Charge  and  discharge  properties  of  the  R^iE-dcrived  powders  cycled  at  the  ambient 
temperature. 

In  order  to  investigate  the  cycling  performance  of  the  RpE-derived  powders  at  elevated 
temperatures,  the  electrochemical  characteristics  were  also  examined  at  55°C .  Figure  4 
illustrates  the  charge  and  discharge  profiles  of  the  TOO^C -calcined  specimens.  For  sample  A, 
the  first-cycle  discharge  capacity  was  98.8  mAh/g,  while  that  of  the  1 0th  cycle  was  8 1 .0  mAh/g. 
As  for  sample  B,  the  discharge  capacities  of  the  first  and  tenth  cycles  were  88.7  and  84.1 
mAh/g,  respectively.  It  was  found  that  the  RpE-derived  powder  obtained  at  low  cationic 
concentration  demonstrated  worse  capacity  fading  than  that  derived  from  high  cationic 
concentration. 

The  cycling  stability  at  55  C  and  the  capacity  retention  of  the  RpE-derived  powders  are 
shown  in  Fig.  5.  It  was  found  that  the  capacity  fading  of  sample  B  was  less  severe  than  that  of 
sample  A,  indicating  that  high  cationic  concentration  in  the  RpE  system  is  effective  in 
suppre.ssing  the  capacity  fading.  Figure  5(b)  depicts  that  the  capacity  retention  of  sample  A  and 
B  after  10  cycles  at  this  temperature  were  82%  and  95%,  respectively.  It  was  found  that  the 
specific  capacity  increased  with  an  increa.se  in  the  surface  area  of  the  obtained  LiMn204 
powders,  however  the  capacity  retention  was  completely  opposite.  The  reason  for  better 
capacity  retention  of  sample  B  at  elevated  temperature  was  its  larger  particle  size.  The 
enlargement  of  surface  area  facilitated  the  insertion  and  extraction  of  lithium  ions,  but  al.so 
increased  the  dissolution  of  mangane.se  ions  into  the  electrolyte.  For  optimizing  the 
electrochemical  performance  of  the  RpE-derived  LiMn204  powders,  the  particles  size  should 
be  precisely  controlled. 
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Fig.  4  Charge  and  discharge  performance  of  the  RjjE-derived  powders  at  55°C  ■  The  aqueous 
concentration  are  (a)  0.5  M  and  (B)  2.0  M,  respectively. 
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Fig.  5  Comparison  of  the  cycling  stability  and  the  capacity  retention  of  the  RpE-derived 
powders  at  55°C. 
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CONCLUSIONS 


Monophasic  nanosized  UMn204  powders  were  successfully  synthesized  after  calcining 
the  precursor  powders  at  700”C  for  1  h.  The  electrochemical  performance  of  the  obtained 
LiMn204  powders  was  also  examined.  The  particle  size  decreased  and  the  surface  area 
increased  with  a  drop  in  the  cationic  concentration.  It  was  found  that  LiMn204  particles  with 
larger  surface  area  gave  rise  to  a  greater  specific  capacity  but  a  worse  cyclability  at  elevated 
temperatures.  The  first-cycle  discharge  capacities  of  the  samples  prepared  from  cationic 
concentrations  of  0.5  M  and  2.0  M  were  98.8  and  88.7  mAh/g  at  55°C,  and  the  corresponding 
capacity  retentions  after  ten  cycles  were  82%  and  95%,  respectively.  In  order  to  optimize  the 
electrochemical  performance  of  LiMn204,  the  control  of  particle  size  is  necessary. 
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ABSTRACT 

Conditions  necessary  for  the  reproducible  deposition  of  pristine  10283  thin  films  on  TO- 
glass  substrates  by  low  temperature  solution  deposition  have  been  identified.  Baths  containing 
carboxylic  acids  yield  adherent,  specular  and  crystalline  films,  within  a  defined  pH  range, 
dependent  on  the  particular  acid  employed.  Films  have  been  characterised  by  XRD,  SEM,  XPS 
and  electronic  spectroscopy.  As-deposited  films  were  found  to  crystallise  as  tetragonal  ^-10283, 
no  evidence  for  incorporation  of  hydroxy-indium  species  was  found  by  XP8  measurements. 


INTRODUCTION 

The  III- VI  semiconductor  indium  sulfide  (In2S3)  has  been  the  focus  of  much  attention 
during  the  past  two  decades,  primarily  due  to  its  optoelectronic  properties.  The  compound  has 
inspired  applications  in  the  preparation  of  green  and  red  phosphors  [1]  and  more  recently  in 
semiconductor-sensitized  solar  cells  [2].  Indium  sulfide  is  an  n-type  semiconductor  that  exists  in 
three  forms,  viz.  a  defect  cubic  structure  a-  In2S3  under  ambient  conditions,  which  transforms 
into  a  defect  spinel  P-In283  at  693  K  and  into  a  layered  structure  7-10283  at  1013  K  [3-5].  The 
bandgap  of  10283  varies  between  2.0  and  2.45  eV  depending  upon  the  composition  [6]. 

An  important  research  goal  within  the  photovoltaic  industry  is  the  replacement  of  toxic 
heavy  metals,  such  as  cadmium,  with  more  benign  materials.  The  replacement  of  n-type  Cd8 
layers  in  polycrystalline  heterojunction  thin  film  solar  cells  employing  CI8,  CIG8  or  CdTe 
absorber  layers,  is  of  particular  interest.  Thin  films  of  10283  have  been  demonstrated  to  be  a 
suitable  substitute  for  such  layers  in  CIG8  based  cells.  Films  are  most  commonly  deposited  by 
the  chemical  bath  method  (CBD).  Efficiencies  of  15.7  %  have  been  obtained  for  such  devices, 
comparable  to  16  %  obtained  for  the  standard  CBD  Cd8  buffer  layer  [7]. 

It  is  known  that  the  composition,  structure  and  morphology  of  CBD  films  are  highly 
sensitive  to  deposition  conditions  (e.g.  bath  chemistry  and  nature  of  substrate  surface).  8uch 
sensitivity  grants  the  investigator  the  potential  for  tailoring  the  material  properties  of  films  by 
judicious  selection  of  CBD  conditions.  Various  groups  have  reported  CBD-Inx(OH,8)y  [7-9]  but 
to  date,  no  convincing  studies  have  been  presented  for  the  CBD  of  pristine  and  crystalline  In283. 
The  most  satisfactory  films  have  been  deposited  from  baths  containing  acetic  acid. 

In  preliminary  studies,  we  have  identified  the  conditions  necessary  for  reproducible 
CBD-In283  on  TO-glass  from  baths  containing  carboxylic  acids.  Our  approach  may  offer  a 
general  route  towards  low  temperature  deposition  of  crystalline  thin  films  of  p-In2S3  with  no 
hydroxide  incorporation. 
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EXPERIMENTAL  DETAILS 


CBD  of  In7S<  thin  films 


Thin  films  of  In2S3  were  deposited  on  commercial  TO  glass  substrates  (Hartford  Glass, 
USA)  immersed  in  baths  containing  InCb  (0.0083  mol  dm''^),  a  carboxylic  acid  CA  (0.1  mol  dm 
)  and  thioacetamide  (0.1  mol  dm‘^).  A  .standard  procedure  was  adopted  for  the  cleaning  of  the 
substrates  prior  to  the  CBD  process  in  order  to  achieve  reproducible  results.  Based  on  results 
obtained  from  preliminary  experiments,  which  were  performed  with  no  pH  adju.stment,  a  range 
of  optimal  CBD  conditions  were  identified  for  each  CA  for  the  deposition  of  adherent  and 
specular  films.  Subsequent  work  involved  optimisation  of  each  CA-based  CBD  system  within 
the  defined  pH  range.  Bath  conditions  are  given  in  Table  1.  The  pH  of  the  final  solution  was 
adjusted  accordingly  by  the  dropwise  addition  of  NaOH  or  HCl  (5  mol  dm'^).  A  Mettler  Toledo 
MA  235  pH/  ion  analyser  and  InLab  413  electrode  were  used  to  record  solution  pH.  The 
temperature  of  the  solution  was  maintained  at  80  ^’C  for  a  total  deposition  time  of  30  minutes. 
Films  were  annealed  for  30  min  at  400  °C  under  a  dynamic  flow  of  argon. 


Characterisation  of  thin  films 

X-ray  diffraction  studies  were  performed  using  secondary  graphite  monochromated  Cu 
Kq  radiation  (40  kV)  on  a  Philips  X’Pert  Materials  Diffractometer  (MPD).  Measurements  were 
taken  using  a  glancing  angle  incidence  detector  at  an  angle  of  3°  for  2  0  values  over  10  -  95  °  in 
steps  of  0.04  with  a  count  time  of  2  s.  Scanning  electron  microscopy  of  Au  coated  samples  was 
carried  out  on  a  Philips  525  SEM  instrument.  The  XPS  measurements  were  performed  in  the 
ultra-high  vacuum  chamber  (base  pressure  of  lO  ”  Pa)  of  a  Kratos  ES  200  spectrometer  using  Mg 
Ka excitation  (analyser  pass  energy  of  65  eV).  The  energy  scale  was  calibrated  using  Au  and  Ag 
as  a  reference.  Electronic  absorption  spectra  were  obtained  with  a  HcX,ios  Beta 
Thermospectronic  spectrophotometer.  For  direct  bandgap  semiconductors,  extrapolation  of  the 
linear  region  of  plots  of  Cf}  versus  hv  allows  determination  of  the  optical  bandgap. 


RESULTS  AND  DISCUSSION 

The  pattern  of  results  for  each  of  the  CA-based  CBD  sy.stems  in  the  present  study  was 
very  similar.  Films  deposited  from  baths  of  pH  values  lower  than  the  optimal  range  were  orange, 
matt  but  adherent.  Films  formed  in  the  optimal  pH  range  were  yellow,  specular  and  adherent 
whereas  at  higher  pH  values,  only  white  hydroxy-indium  films  were  deposited.  The  induction 
period  (T*)  for  growth  of  films  {i.e.  the  interval  between  the  point  the  bath  reaches  the  requisite 
temperature  and  the  appearance  of  visible  colloidal  material)  was  inversely  related  to  pKaj  of  the 
acid.  For  example,  baths  at  pH  =  2  containing  citric  acid  (pKai  3. 13)  had  T*  values  ~  7  min. 
baths  containing  acetic  acid  (pKai  4.75)  had  T*  values  ~2  min.  The  observation  could  be 
rationalised  in  terms  of  the  speciation  of  the  carboxylatc-indium  species  for  each  CA,  which  acts 
to  buffer  the  free  indium  concentration  to  low  levels  in  solution.  The  speciation  studies  will  be 
reported  in  more  detail  in  a  future  paper. 
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Table  I.  Carboxylic  acids  used  in  CBD  of  In2S3. 


pKai  Values 

Optimal  pH  range 

citric  acid 

3.13 

1.95 

1.50-2.20 

1.95-2.10 

formic  acid 

3.75 

1.00-3.00 

2.00-2.20 

succinic  acid 

4.19 

2.30 

1.60-2.50 

2.10-2.35 

acetic  acid 

4.75 

2.49 

1.60-2.60 

2.10-2.30 

X-rav  diffraction 

X-ray  diffraction  patterns  obtained  for  CBD  In2S3  thin  films  deposited  on  TO  glass  in  this 
study  indicate  that  films  are  highly  crystalline.  Annealing  of  films  (400  °C  under  Ar)  produced  a 
colour  change  (yellow  to  pale  orange  for  specular  films,  orange  to  light  brown  for  matt  films) 
and  a  slight  enhancement  in  crystallinity.  No  significant  differences  were  evident  in  XRD  traces 
from  films  obtained  from  baths  containing  different  carboxylic  acids,  within  the  effective  pH 
ranges.  Films  were  indexed  to  tetragonal  13-In2S3  (JCPDS  25-0390).  The  lack  of  diagnostic 
reflections  in  the  region  20  -90-130°  was  taken  as  evidence  for  the  absence  of  a-  In2S3 
modification.  Discernible  differences  in  preferred  orientation  were  apparent  for  films  grown 
within  and  lower  than  the  optimal  pH  range  from  baths  containing  a  given  carboxylic  acid.  For 
example,  films  deposited  from  baths  containing  formic  acid  at  lower  pH  showed  preferred 
orientation  in  the  (109)  direction;  thin  specular  films  deposited  in  the  optimal  pH  range  grew 
preferentially  along  the  (211)  direction  (see  Figure  1). 


10  20  30  40  50  60  70 
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Figurel.XRD  pattern  of  In2S3  thin  films  deposited  from  baths  containing  InCb,  formic  acid  and 
thioacetamide  at  pH  2.2  (bottom)  and  1.4  (top).  Films  indexed  to  p-In2S3  (JCPDS  25-0390). 
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Figure  2.Scanning  electron  micrographs  of  In2S3  thin  films  deposited  from  baths  containing 
InCb,  thioacetamide  and  carboxylic  acid;  a.  citric  (pH  =  1 .95);  h.  formic  (pH  =  2.2);  r.  succinic 
(pH  =  2.3);  ci.  acetic  (pH  =  2.1). 

Scanning  Electronic  Microscopy 

The  effect  of  different  carboxylic  acids  on  CBD-In2S.i  film  morphology  was  probed  by 
scanning  electron  microscopy  (SEM).  For  all  systems  under  investigation  (within  the  optimal 
pH  range),  films  were  compo.sed  of  dense,  ribbon-like  primary  crystallites  (Figure  2).  The 
smallest  crystallites  were  obtained  from  baths  containing  citric  acid,  which  has  the  lowest  pKai. 
Films  formed  from  baths  containing  acetic  or  citric  acid  were  morphologically  similar  and 
composed  of  spheroidal  aggregates  comprising  primary  ribbon-like  crystallites.  These  clusters 
appeared  to  follow  the  underlying  TO  layer.  The  mo.st  homogeneous  films,  which  did  not 
conform  to  the  underlying  TO  layer,  were  deposited  from  baths  containing  formic  acid.  Films 
deposited  from  baths  containing  succinic  acid  were  less  ordered  than  all  others  in  this  study 
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Figure  3.Scanning  electron  micrographs  of  10283  thin  films  deposited  from  baths  containing 
InCb,  formic  acid  and  thioacetamide  at  pH  values  of  2.2  (top);  a.  as  deposited;  h.  annealed  and 
1 .4  (bottom);  c.  as  deposited;  d.  annealed 
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In  order  to  complement  the  results  obtained  from  XRD  studies  for  films  deposited  from 
baths  containing  formic  acid,  the  effect  of  annealing  and  CBD  solution  pH  on  In2S3  film 
morphology  were  investigated.  As  seen  clearly  in  Figure  3,  the  pH  of  the  deposition  bath  has  a 
pronounced  effect  on  film  morphology.  Films  deposited  at  pH  values  lower  than  the  optimal 
range  (i.e.  matt  films)  were  composed  of  flaky  aggregates,  as  opposed  to  the  specular  films 
obtained  in  the  optimal  pH  range.  Annealing  of  these  flaky  films  produced  pronounced  changes 
and  an  improvement  in  crystallinity.  By  constrast,  no  significant  changes  in  morphology  were 
apparent  upon  annealing  of  specular  films. 


XPS 


XPS  was  employed  to  determine  photoelectron  binding  energies  of  components  of 
annealed  films.  As  shown  in  Figure  4  (left).  In,  S,  O  and  C  were  detected.  The  O  Is  peak, 
located  at  533  eV,  was  ascribed  to  molecular  oxygen  contamination  from  the  ambient  on  the 
basis  of  previous  literature  reports  [10].  The  absence  of  an  additional  peak  at  530  eV  was  taken 
as  evidence  that  oxygen  was  not  bonded  to  the  metal  [10],  although  Herrero  et.  al.  assign  this 
peak  to  C-O/H2O  [9].  No  evidence  for  the  formation  of  an  In-O-S  alloy  was  obtained.  For 
example,  the  In  Auger  parameter  corresponding  to  In2S3  and  In(OH)3  is  known  to  occur  at  852.2 
eV  and  850.8  eV  [11],  whereas  the  feature  occurs  at  853  eV  in  our  spectrum.  In  addition, 
Hariskos  et  al.  state  that  the  occurrence  of  an  alloy  results  in  attenuation  of  the  feature  at  404.5 
eV  due  to  an  Auger  contribution  from  In  (MNN)  electrons  of  In(OH)3.  Expansion  of  the 
aforementioned  region  in  our  spectrum  revealed  no  such  phenomenon.  Incorporation  of  oxy- 
sulfide  species  was  discounted,  as  the  S  2p  peak  binding  energy  (161  eV)  is  lower  than  would  be 
expected  for  S-O  bonds  (-168  eV  )  [10].  The  most  significant  feature  of  the  spectrum,  with  a 
binding  energy  of  444.5  eV,  was  assigned  to  In3d5/2  photoelectrons.  The  feature  is  consistent 
with  literature  values  for  In2S3  [12]. 


Figure  4.X-ray  photoelectron  (left)  and  electronic  absorption  spectra  (right)  of  10283  thin  films 
deposited  from  baths  containing  InCE,  acetic  acid  and  thioacetamide;  a.  annealed,  b.  as- 
deposited  (right.) 
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Electronic  absorption  spectra  of  as-deposited  and  annealed  IniS.^  films  were  recorded. 
From  the  extrapolation  of  the  linear  region  of  plots  of  a“  versus  hv  (eV),  the  bandgaps  were 
determined.  Annealed  films  possessed  bandgaps  of  2.58  eV  (Figure  4,  right),  slightly  lower  than 
those  of  as-deposited  films  (2.78  eV).  The  result  was  very  similar  to  values  reported  by 
Lokhande  et  a!  [6].  The  most  rational  explanation  for  the  increased  bandgap  values  is  the 
manifestation  of  quantum-size  effects;  the  visible  colour  change  upon  annealing  {i.e.  yellow  to 
pale  orange)  is  also  consistent  with  this  interpretation. 


CONCLUSIONS 

The  reproducible  CBD  of  P-In2S3  thin  films  on  TO-glass  substrates  has  been 
demonstrated.  Baths  containing  carboxylic  acids  yield  adherent  and  crystalline  films  within  a 
defined  pH  range,  which  is  dependent  on  the  particular  acid  employed. 
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ABSTRACT 

Lasing  action  on  a  third  order  waveguide  mode  is  demonstrated  at  room  temperature  under 
optical  pumping,  in  a  specifically  designed  quantum  well  laser  structure.  The  AlGaAs 
heterostructure  involves  barriers  which  ensure  that  the  third  order  mode  has  a  higher  overlap 
with  the  single  quantum  well  emitter  than  the  fundamental  mode.  Third  order  mode  operation  of 
a  laser  structure  opens  the  way  to  modal  phase  matched  parametric  down  conversion  inside  the 
semiconductor  laser  itself.  It  is  a  first  step  towards  the  realization  of  semiconductor  twin  photon 
laser  sources,  needed  for  quantum  information  experiments, 

INTRODUCTION 

Twin  photon  sources  obtained  by  parametric  fluorescence  (PF)  are  a  useful  tool  in  quantum 
cryptography  or  quantum  optics  experiments  [1-3].  In  these  experiments  PF  is  obtained  from  a 
laser  beam  with  a  frequency  cOp  which  enters  into  a  nonlinear  crystal  and  creates  twin  down 
generated  photons  at  a  frequency  o)i=co.,=(X)p/2,  The  whole  set-up  is  in  general  complicated.  The 
purpose  of  this  work  is  to  study  a  new  type  of  semiconductor  laser  in  which  PF  could  be  obtained 
in  the  semiconductor  laser  itself  thus  resulting  in  a  highly  compact  twin  photon  source. 

Two  criteria  must  be  fulfilled  to  obtain  efficient  PF:  a  high  nonlinear  coefficient  and  the 
possibility  to  phase  match  the  interaction  between  the  interacting  waves  [4],  Semiconductors  and 
especially  GaAs  are  very  interesting  for  waveguided  nonlinear  parametric  processes  due  to  their 
high  nonlinear  coefficient  and  the  possibility  to  integrate  quantum  well  (QW)  sources  with 
nonlinear  interactions.  However,  III-V  semiconductors  are  not  birefringent  and  alternative  phase 
matching  schemes  have  to  be  used  [5].  Among  the  different  phase  matching  schemes,  modal 
dispersion  phase  matching  (MDPM)  [6,7]  is  attractive  because  it  is  well  suited  for  materials 
grown  by  molecular  beam  epitaxy  (MBE)  due  to  the  control  of  the  layer  thickness  homogeneity 
up  to  the  atomic  level.  In  this  method  phase  matching  is  obtained  by  a  careful  design  of  a 
multilayer  waveguide  in  which  the  effective  indices  neff  of  three  different  guided  modes  i,  j  and  k 
satisfy  the  MDPM  condition:  neff,i(V=l/2[neft.j(Xi)+neff,k(>..s)].  Figure  1  indicates  MDPM  in  the 
laser  structure  which  is  described  in  detail  below;  in  this  specific  design  photons  on  the  third 
order  mode  (i=TE2)  at  C0p=775  nm  can  generate  through  phase  matched  PF  signal  and  idler 
photons  at  Xs,i=2^=l  .55  pm  on  the  fundamental  modes  (j=TEo  and  k=TMo).  In  addition,  the 
overlap  integral  [6]  between  the  third  order  mode  and  the  fundamental  one,  which  gives  the 
efficiency  of  this  nonlinear  process,  is  optimised. 
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Figure  1.  Effective  indices  of  the  sample  as  a  function  of  wavelength.  The  fvi'o  dash-dotted  lines 
show  the  indices  of  the  Alnj(fja(),7(As  (upper  cutye)  and  AlAs  (lower  curve).  The  triangle  joining 
TE2  at  775  nm  (left  open  dot)  and  TE„  and  TMo  curves  at  1.55  pm  (two  open  dots  on  the  right) 
illustrates  the  phase  matching  condition:  nri:2(775nm)=I/2{nri;dJ55()nm)-\-nrMo(155()nm)}.  Note 
that  in  this  PF  scheme,  the  two  down  generated  photons  are  cro.ss  polarized,  which  is  the  best 
situation  for  quantum  optics  applications. 


The  purpose  of  this  study  is  to  show  that  a  QW  emitter  can  be  used  inside  this  waveguide  as 
a  source  at  (Op,  leading  to  lasing  action  on  the  third  order  mode,  thus  well  suited  for  phase 
matched  PF  inside  the  laser  cavity.  Such  a  scheme  is  totally  unusual  for  a  semiconductor  laser. 
For  this,  the  electron-hole  pairs  must  recombine  in  a  place  where  the  third  order  mode  has  a 
higher  overlap  than  the  two  other  modes  in  the  system,  as  explained  below, 

RESULTS  AND  DISCUSSION 


The  sample  was  grown  by  a  Varian  MBE  machine,  on  a  semi-insulating  GaAs  substrate.  A 
1000  nm  AIAs  layer  (C)  was  grown  followed  by  a  1 30  nm  Alc^sGacusAs  generation  layer  (G);  a 
140  nm  AI().5(>Ga<).5oAs  layer  (B)  and  a  100  A  Alo.i  iGao  x^As  active  QW.  Then  the  layers  were 
repeated  in  the  order  B/G/C  followed  finally  by  a  30nm  GaAs  cap  layer.  Figure  2  shows  the 
refractive  index  profile  along  the  sample  depth  together  with  the  field  distributions  of  the  third 
order  mode  (TE2)  and  of  the  fundamental  one  (TEo),  for  a  wavelength  equal  to  the  expected 
lasing  wavelength  (775  nm). 


Figure  2.  Refractive  index  profile  with  fundamental  and  third  order  mode  field  distributions,  for 
a  wavelength  of  775  nm,  in  the  TE  polarization 

The  basic  difference  between  this  structure  and  other  laser  structures  studied  so  far  is  the 
barriers  introduced  by  the  two  140  nm  Alo  soGa^  soAs  B  layers.  The  effect  of  these  barriers  is  to 
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enhance  the  third  order  mode  with  respect  to  the  fundamental  mode  at  the  QW  location,  the 
electric  field  of  the  fundamental  being  reduced  in  the  center  of  the  structure  by  these  two  low 
index  layers.  As  a  result,  lasing  action  on  the  third  order  mode  is  expected.  However,  an 
additional  undesirable  effect  of  the  B  layers  is  that  they  introduce  a  physical  barrier  for  the 
difussive  exchange  of  photogenerated  carriers  between  the  QW  and  the  G  layers,  which  affects 
the  photoluminescence  (PL)  efficiency  of  the  QW  and  of  the  G  layers  and  may  have 
consequences  in  the  laser  power  threshold,  optical  gain  and  other  laser  parameters. 

The  resulting  band  structure  of  the  sample  structure  is  shown  in  Figure  3  by  taking  into 
account  the  generation  and  recombination  of  electrons  and  holes  in  the  G  layer,  their  transport  to 
the  QW,  and  their  recombination  stimulated  by  the  third  order  mode. 


position  (pm) 


Figure  3.  Band  structure  of  the  sample. 


PL  spectra  from  the  sample  excited  by  a  CW  low  power  (around  5  mW)  He:Ne  laser  at  633 
nm  (1 .958  eV)  (Figure  4  (a)),  are  dominated  by  two  peaks:  at  10  K  one  peak  at  1.70  eV  related  to 
the  excitonic  recombination  transition  between  the  fundamental  state  of  the  conduction  band 
electrons  to  the  fundamental  state  of  the  valence  band  heavy  holes  of  the  QW  and  another  one  at 

1 .85  eV  related  to  the  band  edge  excitonic  transition  from  the  G  layers. 
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Figure  4.  (a)  PL  spectra  from  the  sample  at  low  and  high  temperatures  excited  by  a  low  power 
CW  He.  Ne  laser  at  633  nm.  Inset  shows  the  temperature  dependence  of  the  integrated  intensities 
of  the  peaks  related  to  the  QW  (Iqw),  G  layers  (Ig)  and  of  the  ratio  (IgUqw)-  In  part  (b)  of  the 
figure  a  pulsed  Nd:YAG  laser  at  532  nm  was  used.  Dotted  line  spectra  correspond  to  a  low 
power  excitation  below  threshold,  while  solid  line  spectra  correspond  to  transverse  pumping  of 
laser  bars  with  cavity  lengths  L.  The  lasing  peak  appears  at  the  low  energy  side  of  the 
spontaneous  emission  peak. 
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In  the  temperature  dependence  of  the  integrated  intensities  of  the  two  peaks  (shown  in  the 
insets  of  Figure  4  (a),  it  is  seen  that  while  the  lo  decreases  monotonically  from  low  temperatures 
up  to  room  temperature,  the  Iqw  starts  increasing  above  150  K.  This  is  due  to  a  thermally 
activated  transport  of  carriers  from  the  G  layers  to  the  QW  above  150  K  with  an  activation 
energy  of  121  meV  estimated  from  the  slope  of  the  straight  line  behaviour  of  the  ratio  of  the 
integrated  intensities  of  the  two  peaks  (IgAow).  This  energy  corresponds  to  the  conduction  band 
offset  of  the  AI().25Ga<>.75As/Al().5(iGa<).5()As  subsystem  (theoretically  AEc.g=154  meV).  By 
increasing  the  temperature  further  above  240  K,  Iqw  starts  dropping  again!  This  is  due  to  an 
increasing  importance  of  thennally  activated  non-radiative  recombination  processes  at  high 
temperatures,  which  dominate  over  the  thcmial  carrier  exchange  between  QW  and  G  layers. 

In  Figure  4  (b)  the  sample  was  pumped  by  6  ns  pulses  from  a  frequency  doubled  YAG  laser 
at  532  nm  (2.33  eV),  at  a  frequency  of  10  Hz.  Dotted  lines  correspond  to  spontaneous  emission 
spectra  with  a  low  excitation  power  while  the  solid  lines  correspond  to  transverse  pumping  of 
cleaved  laser  bars  with  cavity  length  L.  Laser  emission  is  observed  at  772.5  nm  (1.6  eV)  at  room 
temperature,  near  the  expected  wavelength  of  775  nm. 

Comparing  Figures  4  (a)  and  (b)  it  is  seen  that  under  He:Ne  pumping  although  at  low 
temperatures  Ig  is  greater  than  Iqw,  at  room  temperature  the  opposite  is  true.  On  the  other  hand 
under  Nd:YAG  pumping  Iqw  is  always  weaker  than  Ig  even  at  room  temperature,  because  of  the 
distribution  of  carrier  population  in  QW  and  G  layers  before  recombination.  However,  the 
inverted  population  required  for  stimulated  emission  is  always  created  First  in  the  QW  rather  than 
in  the  G  layers,  and  this  is  so  in  the  whole  temperature  region  studied. 

The  laser  power  threshold  at  room  temperature  was  measured  equal  to  10.7  KW/cm^  for 
unprocessed  planar  samples  (as-grown)  and  42  KW/cm^  for  processed  samples  with  waveguide 
ridges  (width  10  pm  and  distance  between  them  around  100  pm).  The  higher  threshold  of 
processed  samples  as  compared  to  unprocessed  ones  may  be  due  to  the  fact  that  etching  of 
photolithographically  made  ridges  onto  the  sample  surface  has  as  a  result  oxidation  of  the  AlAs 
and  formation  of  AlOx  [8,9].  The  characteristic  temperature  which  expresses  the  threshold  in  the 
exponential  empirical  form  versus  sample  temperature  (Figure  5),  was  measured  equal  to  1 17  K 
which  is  comparable  to  the  value  reported  for  III-V  lasers  in  general  [10]  as  well  as  for 
ZnSe/ZnSSe  blue  lasers  [11]. 


Figure  5.  Laser  power  threshold  and  peak  position  versus  temperature.  The  solid  line  (through 
the  cross  points)  corresponds  to  the  theoretically  estimated  energy  of  the  erhhi  transition  of  the 
QW.  Inset  .shows  threshold  versus  cavity  length. 
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Both  values  for  the  threshold  reported  above  are  higher  than  the  value  of  around  1  KW/cm^ 
calculated  theoretically  from  simulations  based  on  FigureS,  Apart  from  stronger  recombination 
in  the  G  layers  than  simulated,  this  may  be  explained  by  optical  losses  higher  than  expected  due 
to  optical  leakage  in  the  plane  of  the  laser  structure,  or  towards  the  substrate.  Indeed,  it  can  be 
seen  in  Figure  1  than  the  third  order  mode  at  775  nm  is  near  the  cut-off  of  the  waveguide  (given 
by  the  refractive  index  of  the  cladding  material  AlAs),  which  implies  that  the  mode  is  very 
sensitive  to  scattering  processes  into  leaky  waves  in  the  substrate. 

Experiments  were  carried  out  to  measure  the  far  field  emission  pattern  of  the  semiconductor 
laser.  The  signal,  shown  in  Figure  6  as  a  function  of  the  angle  in  the  transverse  direction,  starts 
from  a  maximum  value  at  0-,  decreases  with  the  angle  of  rotation  to  a  minimum  value  at  around 
20°±3-  then  obtains  a  second  maximum  value  at  an  angle  of  40°±3®  and  finally  decreases  again  to 
zero. 


Figure  6.  Laser  output  signal  versus  transverse  angle  of  rotation  (squares),  compared  with  the 
calculated  far  field  of  third  order  (full  line)  and  fundamental  laser  modes  (dotted  line). 

The  solid  line  in  the  figure  corresponds  to  theoretical  calculation  using  the  Rayleigh- 
Sommerfeld  integral  [12]  of  the  far  field  distribution  for  a  third  order  mode  radiation  while  the 
dashed  line  corresponds  to  the  fundamental  mode.  As  expected,  the  fundamental  mode  shows 
only  one  main  lobe  centered  at  0-,  whereas  the  third  order  mode  diffraction  pattern  shows  a 
strong  side  lobe.  Similarity  of  the  experimental  points  with  the  theoretical  calculated  curves  for 
the  filed  distributions  demonstrate  that  our  specially  designed  laser  sample  structure  emits  on  the 
third  order  mode,  as  intended. 

CONCLUSIONS 

We  have  demonstrated  laser  emission  at  772.5  nm,  on  a  third  order  waveguide  mode,  and  at 
room  temperature,  from  an  optically  pumped  AlGaAs  QW  structure.  The  structure  was 
characterized  in  detail  in  terms  of:  temperature  and  pumping  energy  dependence  of 
photoluminescence  spectra  and  temperature  and  laser  cavity  length  dependence  of  power 
threshold  and  laser  peak  position.  Further  work  will  include  the  study  of  modal  phase  matching 
in  this  semiconductor  laser  waveguide,  in  order  to  provide  through  intracavity  parametric 
fluorescence  a  semiconductor  source  of  twin  photons. 
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ABSTRACT 

Thin  film  pInSb-nCdTe  heterojunctions  (HJs)  were  produced  using  pulsed  laser  deposition 
(PLD)  technique  and  their  photoelectric  properties  were  studied  for  various  thickness  of  the 
CdTe  layer  at  nitrogen  temperature  and  under  a  background  radiation  the  photo-EMF  for  which 
was  around  1.5  mV.  At  radiative  excitation  of  the  HJ  a  photo-EMF  is  observed,  which  persists 
when  the  excitation  is  turned  off.  The  optical  memory  (OM)  effect  is  observed  in  an  idling 
regime  and  in  a  wide  spectral  range:  (0.37-l,37)ium  with  "recording"  (0.37-0.575)|xm, 
(0.75-1.37)|Lim,  and  "clearing"  (0.575-0.75)qm  sub-regions.  The  maximum  OM  signal  is 
observed  at  A=0.575p.m  while  the  minimum  is  at  A=0.768|am,  In  the  spectral  dependence  of  the 
OM  signal  at  direct  and  reverse  scanning  of  monochromatic  irradiation  an  hysteresis  is  observed 
which  is  evident  for  the  OM  effect.  The  time  dependence  of  OM  signal  is  investigated  at 
X,=0.575|im  and  at  various  intensities  of  the  radiation  source.  Here,  an  effect  of  saturation  is 
clearly  observed,  and  the  time  during  which  the  OM  signal  runs  up  to  saturation,  depends 
strongly  on  the  incident  light  flow  power  and  decreases  drastically  as  the  latter  is  increased.  The 
external  bias  applied  to  the  HJ  enhances  the  OM  on  2  orders  over  its  value  in  the  idling  regime. 
The  OM  signal  persists  for  a  time  period  no  less  than  10^  sec,  either  with  or  without  an  external 
bias.  The  actually  obtained  values  of  "recording"  sensitivity  and  the  "recording"  time  are  U=0.66 
pJ/mm^  and  T=10’^  sec.,  respectively.  The  OM  signal  reaches  its  maximal  value  as  the  thickness 
of  CdTe  layer  increases  (up  to  d=0.45  pm).  It  is  shown  that  the  investigated  HJ  possess  the 
property  of  integration  of  the  radiation. 

INTRODUCTION 

It  is  well  known  that  the  effect  of  optical  memory  (OM)  in  semiconductors  is  related  with 
the  presence  of  inhomogeneities  in  a  sample  [1].  These  inhomogeneities  generally  show  a 
randomicity  which  results  in  drastic  changes  of  main  characteristics  of  the  effect  from  sample  to 
sample  even  for  the  same  material.  This  complicates  the  experimental  studies  of  quantitative 
trends  of  the  OM  effect.  The  problem  of  reproducibility  of  OM-based  devices  is  even  more 
complicated.  Therefore,  observation  of  these  effects  in  artificial  structures  with  controllable 
parameters  is  very  important. 

The  presence  of  a  recombination  barrier  in  semiconductor  is  a  necessary  condition  of  OM 
in  semiconductors.  The  simplest  systems  containing  such  barriers  are  p-n  heterojunctions  (other 
examples  are  p-n  homojunctions,  Schottky-barrier  diodes,  and  MOS  structures). 

In  this  work,  we  have  studied  the  I-V  characteristics  and  photoelectric  properties  of  PLD- 
grown  [2]  pInSb-nCdTe  HJs. 
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EXPERIMENT 


pInSb-nCdTe  HJs  were  produced  by  laser  deposition  of  nCdTe  layers  of  various  thickness 
on  the  polished  substrates  of  partially  compensated  plnSb  (NA-Nn=4. 1 7x  1 cm'^  at  T=77  ®K). 
The  ohmic  contacts  on  InSb  and  CdTe  are  obtained  by  thermal  evaporation  of  metallic  indium. 
The  contact  film  of  In  covers  the  whole  surface  of  the  pInSb  layer,  while  on  the  CdTe  layer  it  has 
a  shape  of  Imm-diameter  round.  Surface  areas  of  obtained  HJs  arc  in  the  range  (0.25-0.36)  cm^. 
Heterojunctions  with  the  thickness  of  CdTe-layer  (0.15,  0.45,  0.6,  1.2)  pm  were  produced.  In 
order  to  obtain  large  amplitudes  of  OM-signal  the  space  charge  region  must  take  the  large  part  of 
the  conducting  layer.  The  dependence  of  the  cutoff  voltage  on  the  thickness  of  CdTe-layer  was 
determined  from  the  family  of  1-V  curves  at  77  (by  extrapolation  of  the  linear  part  of  an  I-V 
curve.  The  value  of  Vc  corresponding  to  the  total  bend  of  energy  bands  of  HJ  materials  saturates 
at  thickness  of  CdTe  layer,  d  >0.5pm.  The  thickness  of  W,i=0.45  pm  corresponds  to  the 
maximum  width  of  space  charge  region  in  CdTe.  The  latter  is  completely  depleted  at  smaller 
thickness.  Using  the  measured  values  of  Vc=Vo=VDn+VDp=0.45  eV  and  Wn=0.45  pm,  within  the 
Anderson  model,  the  concentration  of  donor  impurities  in  CdTe,  the  space  charge  region  in  InSb, 
as  well  as  the  band  curvature  for  each  HJ  material  [3]  were  determined.  The  corresponding 
values  are  the  following:  Nd=8.55-10''’  sm'\  Wp=1.025  pm,  Vi:>p=0.2  eV,  and  V[)„=0.25  eV. 

The  analyses  of  photoelectric  properties  of  HJs  were  carried  out  on  the  monochromator 
MDP-3,  and  incandescent  lamps  were  used  as  radiation  sources.  The  HJ  samples  were  placed  in 
nitrogen  cryostats.  X-Y  recorder,  Endim,  was  used  to  record  the  output  signal.  The  effect  of 
optical  memory  was  observ^ed  in  InSb-CdTe  HJ  sample  when  irradiated  from  the  side  of  wide 
bandgap  CdTe  with  a  monochromatic  light  of  a  certain  wavelength.  The  exitation  of  HJ  resulted 
in  a  photo-EMF,  which  persisted  when  the  excitation  was  turned  off.  The  effect  was  observed  in 
a  temperature  range  (77-165)  ^K,  under  the  steady  integral  background  radiation,  the  photo-EMF 
for  which  was  1.5  eV  (idling  regime). 

The  photomemory  effect  was  observed  also  when  an  external  bias  was  applied  on  the 
structure  in  accordance  with  1-V  curves.  In  biased  stmeture,  the  photovoltage  was  on  2  orders 
higher  than  that  observed  in  idling  regime.  In  difference  with  the  work  [4],  the  OM  in  our 
samples  was  observed  either  with  or  without  an  external  bias,  and  in  a  wider  spectral  range: 
>.=(0.37-1.37)  pm. 


DISCUSSION 

Figure  1  represents  the  spectral  dependence  of  OM  at  direct  and  reverse  scanning  of  the 
incident  light  spectrum,  showing  a  hysteresis  in  this  dependence.  The  studied  wavelength  range 
can  be  conveniently  divided  into  3  subranges: 

a)  >.=(0.37-0.575)  pm,  where  the  OM-signal  enhances  with  increasing  incident  wavelength,  i.e. 
a  "recording  effect"  is  observed  (curve  AB  in  figure  1 ); 
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b)  ^=(0.575-0.768)  |xm,  in  which  the  OM  reduces  with  increasing  wavelength,  i.e.  "clearing 
effect"  (BC  curve); 

c)  X,=(0.768-l  .37)  ixm,  where  the  "recording  effect"  is  again  observed  (CD  curve). 

The  maximum  of  OM-signal  is  observed  at  ?i=0.575  |rm ,  while  the  minimum  is  at  >.=0.768 
|im.  At  larger  thickness  of  the  CdTe-layer  the  OM-signal  enhances  reaching  a  maximal  value  at 
d=0.45  |Lim.  The  further  increase  of  d  leads  to  decrease  in  OM-signal. 

In  figure  2,  the  time-dependence  of  OM-signal  is  shown  at  various  intensities  of  incident 
radiation  at  X=0.575|xm.  The  effect  of  saturation  is  clearly  seen  on  this  dependence  in  accordance 
with  the  population  of  (finite)  number  of  interface  states  (traps).  The  saturation  start-time 
depends  strongly  on  the  power  flow  of  the  light  and  decreases  drastically  with  its  enhancement. 
We  should  mention  that  a  certain  intermediate  value  of  OM-signal  could  be  obtained  also  at 
constant  radiation  intensity,  by  simply  varying  the  exposition  time.  It  is  also  interesting  that  if 
after  the  first  act  of  illumination  the  HJ  is  not  returned  to  its  initial  state,  instead  an  additional 
radiation-pulse  is  applied,  the  memory  voltage  increases  from  the  initial  to  a  new  value.  This 
continues  until  this  voltage  reaches  a  certain  maximal  value,  which  corresponds  to  the  saturation 
of  traps.  Thus,  the  produced  heterojunctions  possess  the  property  of  integration  of  incident 
radiation. 

For  "recording"  samples  the  achieved  sensitivity  to  the  incident  radiation  was  -0.66 
pj/mm^  and  the  "recording  time"  was  To~8.3-10''‘  sec.  One  should  note,  however,  that  the 
determined  To  is  not  limited  to  this  value  and  depends  on  the  experimental  capabilities.  The  OM- 
signal  persists  in  both  biased  and  unbiased  HJs  no  less  than  10^  sec. 
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Figure  2.  Time  dependence  of  OM  signal  at  various  intensities  of  incident  light.  Incident 
wavelength  is  A.=0.575  pm. 


The  measurements  of  the  memory  photo-EMF  depending  on  the  reverse  bias  voltage  were 
carried  out  at  a  fixed  intensity  of  incident  radiation  at  A.-0.575  pm.  The  applied  voltages  were  in 
Ae  range  (100-1000)  mV,  where  the  resulting  photo-EMF  was  in  the  range  (9.15-65)mV  (figure 

Thus,  a  reverse  bias  applied  to  the  HJ  increases  the  recombination  barrier  for  non¬ 
equilibrium  carriers  (electrons)  in  CdTe  resulting  in  an  enhancement  of  memory  photo-EMF 
more  than  200  times. 

The  complex  view  of  OM  dependence  on  the  incident  wavelength  results  from  the 
competing  effects  on  the  physical  processes  in  HJ  of  such  parameters  as  absorption  coefficient, 
its  frequency  dependence,  thickness  of  CdTe-layer,  and  geometrical  sizes  of  space  charge  region. 

The  largest  amplitude  of  OM-signal  is  observed  in  a  sample  with  thickness  comparable  to 
the  space  charge  region  and  with  radiation  penetration  depth  (the  reciprocal  ab.sorption 


Figure  3.  OM-signal  in  a  biased  sample.  An  incident  light  with  fixed  intensity  at  X=0.575  pm  is 
used. 
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It  follows  from  the  OM-signal  vs.  wavelength  dependencies  that  the  OM  appears  in  both 
cases  of  fundamental  and  impurity-related  absorption.  Based  on  this  fact  we  assume  that  the 
absorption  in  CdTe  occurs  at  interband  and  interface  states— conduction  band  transitions.  The  HJ 
field  separates  the  electron-hole  pairs  created  by  incident  light:  electrons  move  to  the  CdTe 
contact,  and  holes  move  to  CdTe-InSb  interface.  Holes  are  partially  captured  by  deep  interface 
states  (another  part  of  holes  pass  to  InSb)  resulting  in  an  enhancement  of  positive  charge  on  the 
interface.  After  the  radiation  is  turned  off  this  charge  remains  on  the  surface  states  creating  an 
optical  memory  voltage  (AB  curve  in  figure  1). 

In  order  to  remove  the  photo-EMF  it  is  necessary  for  electrons  to  be  able  to  pass  over  the 

recombination  barrier  and  recombine  with  holes  on  surface  states.  Electrons  in  CdTe  do  not 
possess  such  energy  so  they  cannot  contribute  to  this  process.  With  increase  of  the  radiation 
wavelength  the  radiation  partially  penetrates  into  the  InSb  at  X>d  creating  electron-hole  pairs, 
which  again  does  the  HJ  field  separate.  The  electrons  with  sufficiently  high  energies  (E>Erec) 
pass  over  the  barrier  and  recombine  with  holes  decreasing  the  memory  photovoltage.  Thus,  a 
maximum  of  photo-EMF  appears  in  wavelength  dependence.  With  further  increase  of 
wavelength  the  number  of  electron-hole  pairs  increases  in  InSb  while  decreasing  in  CdTe. 
Besides,  electrons  still  pass  over  the  barrier  and  recombine  decreasing  the  photo-EMF  (BC 
curve,  figure  1).  The  latter  process  continues  until  the  absorption  that  is  related  with  transitions 
from  impurity  states  to  conduction  band,  becomes  appreciable.  The  increase  of  impurity-related 
absorption  with  wavelength  leads  to  the  enhancement  in  trap  charge  and  in  the  OM  amplitude. 
This  can  be  explained  by  impurity-related  absorption.  The  latter  coefficient  has  a  maximum  in 
spectral  dependence,  and  is  described  by  an  expression 

(1) 


where  jc  = - - - — ,  AEa  is  the  depth  of  acceptor  state.  Eg  is  the  bandgap  width  of  CdTe, 

and  (O  is  the  frequency  of  incident  radiation.  As  it  is  seen,  kimp  has  a  maximum  at 

^^max  ~^a  •  Siuce  the  OM  still  increases  with  wavelength  even  when  (^max 


corresponds  to  the  maximum  of  the  absorption  coefficient),  this  can  take  place  only  if  the  energy 
of  electrons  created  in  InSb  is  not  sufficient  to  pass  over  the  recombination  barrier.  The  OM 
amplitude  continues  to  increase  (charge  accumulation  occurs)  and  saturates.  At  reverse  scanning 
of  the  incident  wavelength  after  the  HJ  is  returned  to  its  initial  state,  the  memory  signal  appears 
at  A=1.37)a,m  and  increases  with  wavelength  decrease,  in  accordance  with  the  frequency 


dependence  of  the  absorption  coefficient,  reaching  a  maximum  at  (Oi  and  then  decreasing.  The 


latter  is  possible  when  at  frequencies  the  energy  of  electrons  created  in  InSb  is  high 
enough  to  pass  over  the  recombination  barrier.  Otherwise  the  OM  amplitude  would  continue  to 


541 


increase  until  the  saturation,  though  the  absorption  coefficient  still  increases.  Further,  the 
decrease  in  OM  signal  continues  unless  the  interband  transitions  at  turn  on,  when  the 
intensities  of  electron  and  hole  capturing  equal. The  OM  signal  passes  the  minimum  and 
increases  with  further  increase  of  absorption  coefficient. 


CONCLUSIONS 


Optical  memory  effect  was  observed  in  pInSb-nCdTe  heterojunctions  produced  by  pulsed 
laser  deposition.  The  wavelength  dependence  of  photo-EMF  signal  has  the  form  of  a  hysteresis 
in  a  spectral  range  0.37  to  1 .37pm.  Optical  memory  signal  was  ob.served  in  unbiased,  as  well  as 
in  biased  samples.  In  the  latter  case,  the  signal  was  on  2  orders  of  magnitude  higher.  The 
produced  heterojunctions  possess  a  property  of  integration  of  incident  light  power.  Detailed 
description  of  physical  mechanisms  is  given  explaining  the  observed  spectra!  and  temporal 
dependencies  of  memory  signal. 
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ABSTRACT 

Secondary  ion  mass  spectrometry  (SIMS)  provides  direct  methods  to  characterize  the 
chemical  composition  of  III-V  materials  at  major,  minor  and  trace  level  concentrations  as  a 
function  of  layer  depth.  SIMS  employs  keV  primary  ions  to  sputter  the  surface  and  sensitive 
mass  spectrometry  techniques  to  mass  analyze  and  detect  sputtered  secondary  ions  which  are 
characteristic  of  the  sample  composition.  In-depth  compositional  analysis  of  these  materials  by 
SIMS  relies  on  a  number  of  its  unique  features  including:  (1)  keV  primary  ion  sputtering 
yielding  nanometer  depth  resolutions,  (2)  the  use  of  MCs"^  detection  techniques  for  quantifying 
major  and  minor  constituents,  and  (3)  ion  implant  standards  for  quantifying  trace  constituents 
like  dopants  and  impurities.  Nanometer  depth  resolution  in  SIMS  sputtering  provides  accurate 
detection  of  diffusion  of  dopants,  impurities  and  major  constituents.  MCs^  refers  to  the  detection 
of  "molecular”  ions  of  an  element  (M)  and  the  Cs"^  primary  beam.  MCs"^  minimizes  SIMS  matrix 
effects  in  analysis  for  major  and  minor  constituents,  thus  providing  good  quantification.  This 
paper  presents  a  SIMS  study  of  AkGai.xAs  structures  with  three  different  x  values.  MCs"^ 

(M=A1  or  Ga)  data  are  presented  for  the  accurate  determination  of  major  and  minor  components. 
Rutherford  backscattering  spectrometry  (RBS)  and  x-ray  diffraction  (XRD)  data  were  cross- 
correlated  with  the  MCs"^  results.  Three  specimens  with  different  x  values  were  ion  implanted 
with  H,  C,  O,  Mg,  Si,  Zn  and  Se  to  study  quantification  of  trace  levels,  SIMS  data  acquired  on  a 
double  focusing  instrument  (CAMECA  IMS-4f)  and  a  quadrupole  instrument  (PHI  ADEPT 
1010)  are  also  compared.  Lastly,  we  discuss  our  efforts  to  improve  the  analysis  precision  for  p- 
and  n-type  dopants  in  AlGaAs  which  currently  is  ±  3%  (1  sigma). 

INTRODUCTION 

The  importance  of  using  SIMS  to  support  optoelectronics  device  manufacturing,  and  by 
implication  the  device  development  as  well,  is  illustrated  by  a  publication  of  Lucent 
Technologies  in  2000  [1],  They  used  a  CAMECA  IMS-4f  SIMS  instrument  to  monitor  dopant 
concentrations,  layer  thickness,  and  junction  integrity  for  epitaxial  layers  of  InP,  InGaAs  and 
InGaAsP  doped  with  Zn,  Fe  and  Si.  These  optoelectronics  devices  were  laser  diodes  designed 
for  high-speed  transmission  of  digital  and  analog  information  through  fiber  optic  media.  They 
reported  monitor  data  taken  over  a  two  and  a  half  year  period  of  manufacturing  these  devices. 

Their  SIMS  measurements  used  the  MCs"^  detection  technique  for  quantifying  major  and  minor 
constituents  [2].  MCs'^  refers  to  the  detection  of  "molecular"  ions  of  an  element  (M)  and  the  Cs'^ 
primary  beam.  MCs"*^  minimizes  SIMS  matrix  effects  in  analysis  for  major  and  minor 
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constituents,  thus  providing  good  quantification.  They  also  used  ion  implanted  reference 
materials  to  determine  relative  sensitivity  factors  (RSF’s)  to  improve  quantification  [3]. 

EXPERIMENTAL 

For  the  study  of  AhGai.xAs  the  following  samples  were  used:  one  AlGaAs/GaAs 
calibration  sample  as  quantification  standard  and  three  AlGaAs/GaAs  samples  for  the  MCs^ 
experiments,  and  two  GaAs  substrate  samples  doped  with  Si  and  Zn,  respectively.  The 
quantification  standard  sample  was  characterized  by  RBS  and  had  Xai  value  of  0.254.  The 
samples  were  ion  implanted  with  nine  species  representing  most  common  dopants  and  impurities 
(Table  1 ).  The  list  of  implanted  ions  was  split  into  four  groups  to  minimize  possible 
interference. 

Table  1:  Ion  implant  parameters. 


Species 

Energy 

(keV) 

Dose 

(al/cm') 

Species 

Energy 

(keV) 

Dose 

(at/cm“) 

'H 

30 

2E+15 

‘”Si 

2(X) 

lE+14 

‘'Be 

100 

lE-t-14 

'^Zn 

300 

2E+I4 

■‘C 

100 

lE+15 

•^'’Se 

600 

5E+I3 

ISq 

1(X) 

5E+14 

■-"Te 

6(X} 

5E+13 

“•'Mg 

250 

2E+14 

The  data  were  taken  using  a  C  AMEC  A  IMS-4f  and  a  PHI  ADEPT  1010  under  various  standard 
configurations  with  a  Cs^  primary  ion  beam.  The  H,  C,  O,  Si,  Se  and  Te  species  were  measured 
as  single  charged  negative  ions,  Be  was  measured  as  BeAs\  and  Mg  and  Zn  as  a  molecular  ion 
MCs""  (M=Mg  or  Zn).  The  sputter  rates  were  detennined  from  profilometry  measurements  of  the 
analysis  craters  with  an  Alpha  step. 

RBS  data  were  taken  using  a  2.275  MeV  Hc2+  ion  beam  with  detector  .scattering  angle  of  160®. 
The  spectra  were  taken  with  50uC  charge  accumulations  with  the  sample  rotated  about  the 
incident  beam  to  avoid  ion-channeling  artifacts. 

DISCUSSION 

The  relative  change  in  the  sputter  rate  with  composition  is  shown  in  Figure  1.  The  data 
show  a  linear  relationship  between  the  sputter  rate  and  the  AlxGai.xAs  composition  for  14.5  keV 
Cs  bombardment  over  the  range  investigated,  which  is  in  agreement  with  Meyer,  ct  al.  [4].  In 
addition,  the  As  ion  yields  increase  with  increased  Al  content  in  Figure  2.  This  plot  can  be  used 
for  rough  estimation  of  the  Al  mole  fraction  in  AlGaAs. 
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Figure  1.  Relative  sputter  rate  versus  Figure  2,  Relative  As  ion  yield  versus 

AlxGai-xAs  composition  for  14.5  keV  Cs  AlxGai-xAs  composition  for  14.5  keV  Cs 

bombardment.  bombardment. 

Measured  ion  counts  are  converted  to  concentrations  by  Relative  Sensitivity  Factors  (RSF’s). 
These  are  highly  specific  for  each  species  and  matrix  as  illustrated  in  Figure  3.  Relative  RSF’s 
are  plotted  versus  AlxGai.xAs  composition.  The  change  in  relative  RSF  reflects  changes  in  both 
the  ion  yield  for  the  species  and  ion  yield  for  the  matrix  species.  For  species  with  a  high 
ionization  potential  like  Se  and  Te,  the  ion  yield  is  constant  in  the  various  AlGaAs  matrixes. 
Therefore,  the  relative  RSF  reflects  mainly  the  change  in  ion  yield  for  the  As'  matrix  species. 

For  species  where  the  change  in  the  ion  yield  is  proportional  to  ion  yield  change  of  the  matrix  the 
relative  RSF  remains  constant  [5].  The  MCs^  detection  technique  has  much  reduced  ion  yield 
changes  as  is  illustrated  by  the  small  change  of  relative  RSF’s  for  both  Mg  and  Zn. 


Al  Mole  traction 

1-  1H  ♦  9Be  *120  A  ISO  28Si  ■  80Se  130Te  Q  24Mg  ♦  64Zn| 

Figure  3.  Relative  RSF  for  implanted  species  as  function  of  AlxGai-xAs  composition 


545 


Table  2  illustrates  a  high  precision  study  for  SIMS  data  acquired  from  a  Sc  doped  AlGaAs 

precision  SIMS  analysis  of  Sc  dopant  in  AlGaAs. 

I  ;  S«  la  AltiiiAl  («t/cm’)l  I 


SIMS 

Measurement 

Reference 

Standard 

Sample  A 

Sample  B 

I 

7.54E  +  17 

1.22E+16 

1.38E  +  18 

2 

7.66E  +  17 

1.21E+18 

1.34E^-18 

3 

7.42E  +  17 

1.19E  +  18 

1.35E  +  18 

4 

7.44E  +  17 

1.20E  +  ie 

1.36E  +  18 

5 

7,30E  +  17 

6 

7.66E  +  17 

7 

7.45E  +  17 

S 

7  33E  +  17 

9 

7  64E  +  17 

Average 

7.49E  +  17 

1.21E  +  18 

1.36E.t^18 

Standard 

Oevialion 

1.85% 

1,29% 

1.71% 

Structure.  The  reference  standard  provided  the  quantification  for  this  work  in  which  repeated 
measurements  of  this  reference  determined  the  analytical  precision,  in  this  case  1 .85%  (1  sigma). 
Samples  A  and  B  are  analytical  samples  which  yield  the  tabulated  measurement  and  average 
concentration  values.  The  variance  of  these  latter  values  fall  within  the  precision  of  the  standard 
measurements  insuring  that  instrumental  variations  arc  not  distorting  the  measured 
concentrations  of  the  Se  dose.  In  addition,  the  high  level  of  measurement  precision  demonstrates 
that  SIMS  is  capable  of  detecting  small  differences  in  the  Se  concentration. 

Optimal  SIMS  materials  analysis  requires  statistical  process  control  (SPC)  procedures  to  insure 
the  quality  of  the  data.  In  our  laboratory,  SPC  procedures  utilize  both  calibration  and  control 
standards  in  which  the  calibration  standard  is  used  to  quantify  the  sample  while  the  control 
standards  are  used  to  evaluate  reproducibility.  Figure  4  illustrates  a  recent  SPC  plot  for  dopant 
concentration  of  p  doped  AlGaAs,  over  the  past  three  months.  This  plot  shows  an  approximate 
±3%  (I  sigma)  precision  over  this  time  frame. 
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Figure  4.  Relative  dopant  concentration  of  p  type  AlGaAs. 
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Table  3:  Mole  fraction  AlxGa(i.x)As 


-.-j  jH,; 

0.1  68 

0.318 

0.622 

StMS 

0.1  73 

0.332 

0.621 

0.171 

0.330 

__  _  0  .  624^ 

71  ■  ■■ 

■  :  0.527 /I 

oi22 

Std  pQV 

0.3% 

_ 0.8% 

0.2% 

■  : 

0.16  - 

0.28 

'  XRD  "'''s. 

0,149 

'O^SOf 

A  representative  SIMS  compositional  analysis  of  AlxGai.xAs  using  a  Cs"^  primary  ion  beam  and 
negative  secondary  ion  detection  for  three  specimens  having  different  x  values  is  illustrated  in 
Table  3.  The  SIMS  data  is  compared  to  data  acquired  from  Rutherford  Backscattering 
Spectroscopy  (RBS)  and  x-ray  diffraction  (XRD).  The  SIMS  precision  is  less  than  1%  and  the 
measured  values  correspond  well  with  the  accurate  data  obtained  by  RBS  and  XRD.  The  major 
advantage  of  the  SIMS  technique  in  this  type  of  application  is  its  ability  to  perform 
compositional  analysis  of  layered  structures. 

Clear  examples  of  the  power  of  SIMS  depth  profiling  are  illustrated  in  Figures  5  and  6  which 
plot  the  results  of  a  high  resolution  depth  profile  of  a  InP/GaAsSb/InP  DHBT  device  using  a  Cs^ 
primary  ion  beam  and  negative  secondary  ion  detection.  The  sample  had  a  planar  structure  and 
the  relative  positions  and  secondary  ion  intensities  accurately  map  the  composition  of  the  device 
to  a  depth  of  800  nanometers.  High  depth  resolution  allows  dopant  uniformity  through  thin 
layers  to  be  evaluated  and  the  location  of  contaminants  (often  at  interfaces)  to  be  determined. 
Figure  4  is  a  blow  up  of  the  central  region  of  this  depth  profile  illustrating  the  distribution  of  a 
50nm  wide  C  dopant  from  which  quantitative  data  can  be  obtained. 


InP/GaAsSb/lnP  DHBT 


InP/GaAsSb/lnP  DHBT 


DEPTH  (microns) 

Figure  5.  Sulfur  and  carbon  profiles  were 
collected  concurrently  with  layer  marker  profiles 
using  a  2  keV  Cs  primary  ion  beam. 
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Figure  6.  Detail  of  50  nm  C  doped  layer 
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CONCLUSIONS 


State-of-the-art  secondary  ion  mass  spectrometry  techniques  and  methods  can  address  many  of 
the  dopant,  impurity  and  compositional  analysis  issues  facing  the  development  of  innovative  III- 
V  materials.  The  high  detection  sensitivity  and  in-depth  resolution  of  SIMS  make  it  one  of  the 
most  powerful  materials  analysis  techniques.  The  implementation  of  SPC  protocols  along  with 
the  analysis  of  standard  materials  insure  a  high  degree  of  reliability  in  SIMS  data  in  process 
monitoring  applications. 
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ABSTRACT 

CdS  and  ZnO  capped  CdS  (CdS/ZnO)  semiconductor  nanoparticles  were  synthesized  via 
hydrothermal  method  by  thermal  decomposition  of  the  cysteine-cadmium  and  Zn(OH)4^' 
complex  precursors.  Both  of  the  photoluminescence  properties  and  structure  characterization 
confirmed  the  core/shell  structure  as  expected.  Compared  to  CdS  nanoparticles,  the  band-gap 
emission  of  CdS/ZnO  was  greatly  improved,  that  means  the  capping  layer  of  ZnO  modified 
the  surface  of  CdS  and  reduced  the  surface  defects  effectively.  ED  and  XRD  confirmed  the 
formation  of  hexagon  phased  CdS  and  the  TEM  image  indicated  the  size  of  CdS/ZnO  was 
about  20  nm. 

INTRODUCTION 

Nanosized  materials  have  attracted  much  consideration  in  recent  years  because  of  the 
unique  properties  different  very  much  from  the  corresponding  bulks  [1,2],  And  nanosized 
semiconductors  have  potential  applications  especially  on  novel  luminescent  materials.  Many 
preparation  methods  have  been  afforded  to  improve  the  quantum  efficiency  [3-5].  The  most 
successful  method  is  inorganic  shell  modification,  both  anionic  and  cationic  sites,  are 
modified  by  the  inorganic  shell  layer  and  the  surface  traps  are  removed  [6-11].  The 
luminescence  efficiency  also  benefits  from  the  shell  and  the  stability  is  also  increased. 

We  reported  on  the  formation  of  CdS  and  CdS/ZnO  composite  nanoparticles  by 
hydrothermal  method,  which  Zn(OH)4^’  precursors  was  used  to  form  ZnO  capped  CdS 
nanoparticles.  These  core/shell  nanoparticles  were  characterized  with  florescent  spectra, 
transmission  electron  microscopy  (TEM),  and  X-ray  photon  spectra  (XPS)  to  study  optical 
properties,  morphologies  and  structures.  Compared  with  CdS  nanoparticles,  the  band-gap 
emission  of  CdS/ZnO  was  greatly  improved,  that  means  the  capping  layer  of  ZnO  modified 
the  surface  of  CdS  and  reduced  the  surface  defects  effectively. 

EXPERIMENTAL  DETAILS 

(1)  Preparation  of  CdS  nanoparticles 

0.6  mL  cadmium  acetate  solution  was  dropwised  into  2.8  mL  (0.005  mol/L)  L-cysteine 
solution,  and  0.15  mL  (0.12  mol/L)  NaOH  was  added  to  the  above  mixture  to  ensure 
ionization  of  cysteine  to  ■SCH2CH(NH2)COO‘,  which  can  enhance  coordination  ability  to 
Cd^^,  Actually,  complex  of  Cd-  SCH2CH(NH2)COO'  is  used  as  the  precursor  to  form  CdS 
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nanoparticles  under  hydrothermal  condition.  The  reaction  temperature  and  time  is  controlled 
to  obtain  spherical  CdS  nanoparticles.  The  resulting  yellowish  colloid  is  washed  and 
centrifuged  to  remove  excessive  reagents. 

(2)  Preparation  of  CdS/ZnO  nanoparticles 

0.4  mL  (  0.050  molA..)  zinc  chloride  is  diluted  and  pH  is  set  to  12-13  in  order  to  form 
Zn(OH)4'  used  as  precursors  for  ZnO  capping  layer  [12).  It  is  dropwised  to  the  Cd- 
■SCH.CH(NH2)C00'  complex  solution  used  in  the  above  step.  The  following  hydrothermal 
procedure  and  treatment  is  the  same  as  the  preparation  of  CdS  nanoparticles  stated  above. 

The  fluorescent  experiments  were  carried  on  a  Hitachi  F-4500  spectrophotometer.  XPS 
was  performed  using  ESCA  Lab5.  TEM  measurement  was  carried  on  JEOL-200CX 
microscope  operating  at  2(X)  kV.  Samples  for  TEM  observation  were  prepared  by  dipping  a 
drop  of  colloid  on  copper  grids  and  then  they  were  allowed  to  dry  at  ambient  conditions. 

DISCUSSION 

1.  Formation  and  conformation  of  core/shell  .structured  nanopar tides 
(1)  Morphology  and  structure  characterization 

Typical  TEM  images  of  CdS/ZnO  nanoparticles  prepared  at  110  C'for  4  h  is  shown  in 
Figure  1.  Spherical  particles  with  diameter  of  20  nm  were  observed.  Electron  diffraction 
pattern  confirmed  hexagonal  structured  nanoparticles.  But  we  can  not  distinguish  the  core  and 
shell  as  that  have  been  observed  elsewhere  f7].  The  particle  size  docs  not  change  obviously  by 
ZnO  capping  shell  formation,  and  no  extra  phase  was  observed  from  X-ray  diffraction  for 
CdS/ZnO  nanoparticles.  It  can  be  excluded  that  ZnO  existed  separately. 


Figure  I.  TEM  images  of  CdS/ZnO  nanoparticles  prepared  at  1 10  'Cfor  4  h. 

XPS  is  very  useful  in  the  investigation  of  chemical  nature,  i.c.,  valence  and  component  of 
the  samples.  We  analyzed  elemental  composition  of  CdS  and  CdS/ZnO  nanoparlicles  and  it 
also  proved  to  be  effective.  Compared  the  XPS  of  the  prepared  CdS  nanoparticles  with  that  of 
the  bulk,  the  appearance  of  Cd3d.v2  at  406.2  eV  and  S2p  at  162.69  eV  indicate  the  formation 
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of  CdS.  For  the  CdS/ZnO  nanoparticles,  the  appearance  of  Cd3d5/2  at  404.7  eV,  S2p  at  160.99 
eV  ,  Zn2p3/2  at  1021.45  eV  and  01s  at  530.45  eV  confirmed  the  existence  of  Cd,  S,  Zn  and  O. 
In  our  preparation  procedure,  S^'  is  provided  by  decomposition  of  cysteine,  but  cysteine  can 
also  be  oxide  to  S  and  S04^',  these  species  and  Cf  in  the  system  will  change  the  chemical 
environment  of  the  surface  of  CdS  nanoparticles,  and  led  to  the  increase  of  Cd3d5/2  of  CdS. 
Actually,  a  little  amount  of  Cd-O  bond  at  the  interface  of  the  CdS  and  capping  layer  ZnO 
existed,  and  Cd3d.v2  ranged  at  404.8-405,5  eV  just  confirmed  the  formation  of  capping  layer 
on  the  CdS  nanoparticles,  that  is  the  formation  of  core  shell  structure  [7]. 

(2)  Optical  properties 

As  we  have  mentioned,  band  edge  emission  is  a  reflection  of  the  surface  states  [2].  It  can 
be  seen  in  Figure  2,  band  edge  emission  increased  a  lot  for  ZnO  capped  CdS  nanoparticles.  It 
is  obviously  that  CdS  can  be  formed  instantly  by  the  decomposition  of 
Cd-  SCH2CH(NH2)COO',  and  Zn^^  appeared  as  Zn(OH)4^'  can  be  adsorbed  on  the  particle 
surface  effectively.  During  the  decomposition,  ZnO  formed  and  capped  on  CdS  nanoparticles 
as  expected.  This  resulted  the  band  edge  emission  increased  significantly. 


Figure  2.  Photoluminescence  spectra  of  CdS  and  CdS/ZnO  nanoparticles  prepared  at  150  'C 
for  4  h. 

2.  Influence  of  reaction  time  and  temperature  on  CdS/ZnO  nanoparticles 

At  certain  pH  and  reaction  time,  CdS/ZnO  emission  changed  with  reaction  temperature  is 
shown  in  Figure  3a.  When  the  reaction  temperature  is  80°C,  the  photoluminescence  of 
CdS/ZnO  showed  two  separate  emission  bands,  band  edge  emission  at  470  nm  and  trap 
emission  at  610  nm,  the  relative  ratio  is  1:1.7.  As  the  reaction  temperature  increased,  band 
edge  emission  increased  and  red-shifted  with  trap  emission  decreased.  The  ratio  of  the  two 
emission  bands  increased  to  4,8:1  as  temperature  increased  to  150  ‘'C.  The  relative  intensity 
of  band  and  trap  emission  mainly  caused  by  the  surface  state  difference.  Lower  temperature 
made  the  decomposition  and  capping  much  more  difficult  and  not  effective,  more  defects  still 
existed.  More  ZnO  formed  as  continuous  capping  layer  on  the  surface  of  CdS  nanoparticles 
with  increasing  temperature,  and  this  made  the  band  edge  emission  of  CdS  nanoparticles 
increased.  The  photoluminescence  spectra  of  the  samples  treated  at  150°C  for  different  time  is 
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also  studied  as  shown  in  Figure  3b.  Longer  reaction  time  not  only  improves  crystallization, 
but  also  eliminates  much  more  surface  dangling  states.  In  fact,  higher  temperature  and  longer 
reaction  time  also  increase  the  particle  size  and  thus  lead  the  band  edge  emission  red-shift. 


Wavelength nm  Wavelength  /  nm 

Figure  3.  Photoluminescence  spectra  of  CdS/ZnO  nanoparticles  prepared  at  (a) 
different  temperature  for  4  h  and  (b)  150  °C  for  different  times. 

CONCLUSIONS 

Cd- SCH2CH(NH2)C00  and  Zn{OH)4"’  are  designed  as  the  precursors  to  produce  CdS 
and  ZnO  capped  CdS  nanoparticles  effectively  by  controlling  pH  and  reaction  conditions, 
which  is  easy  to  process.  Capping  CdS  nanoparticles  with  ZnO  layer  yield  a  strong  band  edge 
emission,  which  indicate  a  successful  and  effective  modification  by  elimination  surface 
defects.  Measurements  were  carried  out  to  confirm  the  composition  of  CdS  and  CdS/ZnO 
nanoparticles. 
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ABSTRACT 

Electrical  and  optical  measurements  obtained  with  CdSe  single  crystals  doped  with 
chromium  from  a  gas  source  CrSe  over  a  wide  temperature  range  (500-1050  are  compared 
with  ZnSe  annealed  in  liquid  metal  (Zn).  These  processes  are  intended  to  control  the 
concentrations  of  the  impurity  and  intrinsic  defects.  The  low  temperature  annealing  of  CdSe 
crystals  in  CrSe  atmosphere  allows  obtaining  high  electron  mobility  up  to  9000  cm^A^s  at  80  K 
and  demonstrates  the  low  native  defect  concentration.  A  high  temperature  annealing  gives  rise 
to  increased  electron  concentration  with  decreased  mobility.  Optical  absorption  measurements 
show  that  at  the  high  annealing  temperature  effective  doping  with  Cr  takes  place.  The  impurity 
absorption  beyond  the  absorption  edge  is  interpreted  by  the  excitation  of  Cr  and  Cr^  deep 
levels. 

INTRODUCTION 

Compact,  tunable,  room-temperature,  solid-state  laser  sources  operating  in  the  mid-//?  (1.5  - 
3  pm)  spectral  region  are  of  interest  for  a  number  of  applications  such  as  eye  safe  laser  radar, 
chemical  sensing,  IR  counter-measures  and  spectroscopy.  Efficient  room  temperature  lasing  has 
been  demonstrated  with  Cr’^’*^  active  ions  doped  into  II- VI  chalcogenides  such  as  ZnSe  and  CdSe 
[1,2].  Transition  metals  incorporated  into  Zn(Cd)Se  substitute  metallic  atoms  and  create  deep 
levels  in  the  band  gap  [3].  Only  one  strong  emission  at  2.67  eV  is  observed  in  the  spectrum  of 
the  undoped  ZnSe,  which  corresponds  to  the  room  temperature  band  gap  energy  in  ZnSe.  The 
luminescence  of  doped  compounds  exhibits  two  new  bands  near  2.2  and  1.4  eV  corresponding 
to  the  photogeneration  (Cr"^"^  -i-  evB  Cr'^)  and  photoionization  (Cr^  — >  Cr"*"^  -i-  ^cb)  processes  in 
ZnSe.  Hence  the  positions  of  Cr"^  and  Cr'^'^  states  were  found  1 .24  and  2.26  eV  beneath  the 
conduction  band  edge  [4].  From  the  intensities  of  CrVCr"^"^  related  processes  a  relatively  large 
capture  cross  section  of  the  Cr"^"^  ion  has  been  deduced. 

In  addition  to  these  high  energy  transitions,  a  typical  room  temperature  absorption  spectrum 
of  CdSeiCr'^'^  reveals  a  peak  at  1.9  |xm  [5]  corresponding  to  the  inter-center  transition  ^T2->^E  of 
Cr'^'^  in  CdSe  [6].  Mid-infrared  tunable  laser  media  based  on  II- VI  semiconductors  doped  by 
transition  metals  were  demonstrated  in  [7]  based  on  this  transition.  Tetrahedrally-coordinated 
Cr"^"^  ions  are  especially  attractive  as  laser  centers  on  account  of  high  luminescence  quantum 
yields  for  emission  in  the  2-3  |xm  range.  The  strength  of  the  emission  depends  on  the 
concentration  of  the  Cr"^"^  ions  in  the  material.  In  developing  of  a  II-VI;Cr  laser  material  we 
consider  two  questions:  (a)  The  total  amount  of  the  Cr  dopant  atoms  depends  on  the  available 
metallic  vacancies  for  replacement  by  Cr.  To  investigate  the  vacancy  replacement  process  we 
studied  the  annealing  of  ZnSe  crystals  in  Zn  melt,  (b)  The  fraction  of  Cr'^'^  may  be  controlled  by 
the  free  electron  concentration  in  the  crystal  and  its  IR  absorption.  Annealing  at  different 
temperatures  and  Se  vapor  pressures  determine  the  free  electron  concentration.  In  the  present 
paper  doping  approached  of  CdSe  and  ZnSe  crystals  are  investigated  with  the  aim  of  optimizing 
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the  materials  for  laser  application.  CdSe  was  doped  with  Cr  and  compared  with  ZnSe  crystals 
annealed  in  Zn  melt.  The  electronic  and  optical  properties  of  the  crystals  were  characterized. 

EXPERIMENTAL  DETAILS 

ZnSe  single  crystals  were  grown  by  the  high-pressure  Bridgman  method  using  ZnSe  powder 
with  a  purity  of  6N.  All  samples  were  cut  from  one  as-grown  ZnSe  single  crystal  and  then 
mechanically  polished  so  that  they  have  the  shape  of  wafers  with  dimensions  about  5x5x1  mm'\ 
CdSe  crystals  were  grown  by  the  Czochralski  technique.  Regular  X-ray  diffraction  was  used  to 
determine  the  quality  of  crystals.  The  CdSe  crystals  have  a  surface  orientation  <000 1>  and 
thickness  =  1  mm.  The  n-ZnSe  samples  were  prepared  by  long-term  high  temperature  treatment 
(500  -  950  °C)  of  the  originally  high  ohmic  (p  =  lO"’  Qcm)  single  crystals  in  zinc  melt.  The  self 
diffusion  coefficient  is  Dzn  =  9.8  (cmVs)  exp(-3  eV/AT)  [8].  Increasing  of  the  duration  of  the 
treatment  of  the  ZnSe  crystals  causes  the  increase  of  the  electron  concentration  which  reach 
saturation  after  100  hours.  Diffusion  of  Cr  from  a  ga.seous  source  (CrSe)  was  used  for  doping 
the  CdSe  specimens,  allowing  to  maintain  a  constant  level  of  surface  Cr  concentration  during  a 
100  hr  diffusion  anneal.  The  selenium  gaseous  source  generates  an  overpressure  of  Se  and 
prevents  decomposition  of  the  crystals  during  the  heat  treatment.  The  concentration  of  Cr  in 
CdSe  crystals  was  varied  by  changing  the  annealing  temperature  between  500  to  1050  '’C. 

DISCUSSION 

The  temperature  dependence  of  the  Hall  coefficient  Rh  and  the  electron  mobility  /?hCT  (cj  is 
the  conductivity)  of  ZnSe;  Zn  samples  are  shown  in  figures  1  and  2. 

T.  K 


Figure  1.  The  temperature  dependence  of  the  Hall  coefficient  Rn  for  CdSe:Cr  and  ZnSe:Zn 
crystals  annealed  at  different  temperatures.  I-  CdSe  as  grown,  2-4  -  CdSe:Cr,  5-7  -  ZnSe:Zn. 
Annealing  temperatures:  (2)  500  (3)  600,  (4,  5)  700,  (6)  800,  (7)  950  "C. 
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Figure  2.  Hall  mobility  /?Ha  as  a  function  of  temperature  in  CdSerCr  and  ZnSerZn  crystals.  1- 
CdSe  as  grown,  2-4  -  CdSerCr,  5-7  -  ZnSe:Zn.  Annealing  temperatures:  (2)  500  (3)  600,  (4,  5) 
700,  (6)  800,  (7)  950  T. 

With  increasing  the  annealing  temperature,  one  observes  increase  both  of  the  free  electron 
concentration  and  of  their  mobility.  In  the  low  temperature  range  the  Rh(T)  dependence  is 
determined  by  electron  activation  from  shallow  donor  states  to  the  conduction  band.  The  Rh(T) 
dependence  becomes  weaker  in  the  high  temperature  range.  The  donor  concentration  for 
ZnSeiZn  samples  calculated  by  the  electrical-neutrality  equation  reaches  Ad  =  1.6x10^^  cm'^  as 
the  annealing  temperature  increases  to  950  "C.  The  carrier  concentration  and  therefore  the 
concentration  of  donors  increases  with  increasing  of  the  annealing  temperature,  namely,  the 
compensation  ratio  decreases.  With  temperature  decrease  the  mobility  monotonously  increases 
in  conformity  with  a  power  law  (figure  2)  and  has  a  maximum  only  near  the  liquid  nitrogen 
temperature.  This  indicates  a  combination  of  phonon  and  ion  scattering.  The  increase  of  the 
mobility  with  annealing  temperature  indicates  the  decrease  of  electron  scattering  by  the  charged 
impurity  ions  and  is  caused  by  a  decrease  of  the  compensation. 

The  temperature  dependence  of  the  Hall  coefficient  Rh  and  the  Hall  mobility  for  the  CdSeiCr 
samples  are  also  shown  in  figures  1  and  2.  The  Hall  mobility  in  the  CdSeiCr  samples 
annealed  at  low  temperature  (500  ”C)  has  a  high  values  of  9000  cm^A^s  at  77  K  and  of  520 
cm^A/s  at  room  temperature  indicating  the  high  perfection  and  purity  of  the  crystals.  In  the 
temperature  range  from  77  to  400  K  (figure  1),  the  character  of  the  =/(10VT)  dependence 
remains  similar  to  the  ZnSeiZn  crystals  and  is  unchanged  with  varying  the  Cr  content:  the  Hall 
coefficient  decreases  with  increasing  temperature.  This  is  caused  by  the  activation  of  electrons 
from  shallow  donors  (Se  vacancies).  The  Rh  dependence  becomes  weaker  with  tendency  to 
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saturation  near  400  K.  Also  the  mobility  monotonously  increases  in  conformity  with  a  power 
law,  in  similarity  with  the  ZnSe  crystals  (figure  2), 

Unlike  the  ZnSe:Zn  crystals,  the  Hall  coefficient  and  the  electron  mobility  increase  at  the  low 
treatment  temperature  relative  to  the  as-grown  crystal.  These  are  explained  as  the  result  of 
filling  of  selenium  vacancies  by  .selenium  from  the  CrSe  source  with  a  concomitant  reduction  of 
the  concentration  of  these  native  defects.  Doping  at  higher  temperatures  leads  to  a  decrease  of 
the  mobility  in  the  CdSe:Cr  crystals,  due  to  the  introduction  of  chromium  scattering  centers. 
Indeed,  the  increase  of  chromium  concentration  at  high  doping  temperatures  is  manifested  by 
changes  in  the  optical  absorption. 

Room  temperature  optical  transmission  near  the  band  gap  was  measured  for  CdSeiCr  crystals 
annealed  at  different  temperatures.  The  absorption  coefficient  a  was  calculated  from  the 
measured  transmission  I/hi,  by  the  relation; 

/  =  IJ\-Rfexp(~cul), 

where  d  is  the  thickness  of  the  wafer  and  R  is  the  wavelength  dependent  reflectivity  [9].  Results 
of  the  calculated  a  as  a  function  of  the  wavelength  for  CdSc  .samples  annealed  at  different 
temperatures  are  shown  in  figure  3, 


0.8  1  1.2  1.4  1.6 

X.  ).im 

Figure  3.  Optical  absorption  coefficient  a  in  CdSe:Cr  crystals  versus  wavelength  for  various  Cr 
concentrations.  1-  CdSe  as  grown,  2-7  -  CdSc:Cr.  Annealing  temperatures:  (2)  600  (3)  700,  (4) 
900,  (5)  950  (6)  1000,  (7)  1050  "C. 

The  doping  of  CdSe  crystals  by  Cr  moves  the  effective  absorption  edge  to  the  IR  range.  The 
fundamental  absorption  edge  does  not  change  by  doping  with  Cr  but  the  absorption  at  energies 
lower  than  the  fundamental  absorption  edge  regularly  increases  with  raising  the  annealing 
temperature  and  is  remarkable  after  annealing  at  1050  T.  This  is  clearly  the  result  of  the 
increase  of  Cr  concentration. 
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CONCLUSSIONS 


The  principal  possibility  to  dope  CdSe  single  crystals  by  Cr  from  gaseous  CrSe  source  has 
been  demonstrated.  High  temperature  doping  is  the  outcome  of  the  occupation  of  metallic 
vacancies  by  Cr  atoms  thus  decreasing  the  acceptor  Cd  vacancies  concentration  and  leaving  the 
main  influence  to  the  shallow  donor  Se  vacancies.  In  these  conditions  the  electron  concentration 
increases  to  10*^  cm'^  but  the  electron  mobility  is  reduced.  The  doping  effect  on  carrier 
concentration  is  similar  to  the  annealing  of  ZnSe  crystals  in  Zn  melt.  The  introduction  of  Cr 
atoms  at  the  high  doping  temperatures  creates  strong  absorption  beyond  the  fundamental  edge  of 
the  absorption.  The  magnitude  of  the  impurity  absorption  grows  with  increasing  the  chromium 
concentration.  This  absorption  is  interpreted  by  the  excitation  of  Cr"^^  and  Cr^  deep  levels. 
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ABSTRACT 

The  kinetics  of  the  wet  oxidation  process  of  MBE-grown  high-Al-content  AlAs/Al().6Ga().4As 
short-period  superlattices  (SPSLs)  was  investigated  and  compared  to  AIGaAs  alloys  and  pure 
AlAs.  We  found  that  alloys  and  superlattices  (SLs)  have  different  oxidation  characteristics. 

These  differences  were  attributed  to  traces  of  the  superlattice  structure  in  the  oxidized  material. 
The  microstructure  and  chemistry  of  SPSLs  with  an  equivalent  composition  of  Alo.9HGao.02As 
was  studied,  using  transmission  electron  microscopy,  energy-dispersive  x-ray  spectroscopy, 
Rutherford  backscattering,  and  nuclear  reaction  analysis  for  hydrogen-profiling.  We  also  report 
on  the  mechanical  stability  of  oxidized  SPSL  layers  in  optoelectronic  device  structures. 

INTRODUCTION 

Recently,  selective  wet  oxidation  of  AIGaAs  alloys  has  gained  interest  for  various 
applications  in  electronic  and  optoelectronic  devices  [1-3].  So  far,  wet  oxidation  has  had  its 
biggest  impact  on  performance  of  AlGaAs/GaAs  oxide-apertured  vertical  cavity  surface  emitting 
lasers  (VCSELs),  where  devices  with  the  lowest  threshold  currents  and  highest  wall  plug 
efficiency  have  been  demonstrated  [4].  As  it  is  well  known  by  now  that  VCSELs  employing 
oxidized  AlAs  layers  suffer  from  delamination  and  degradation  problems  [5],  high-Al-content 
AIGaAs  layers  are  generally  preferred  as  wet  oxidation  layers.  Devices  employing  AIGaAs 
alloys  as  wet  oxidation  layer  were  reported  to  be  mechanically  stable  [5].  Also,  VCSEL  devices 
with  an  AlAs/GaAs  superlattice  (SL)  oxidation  layer  with  an  equivalent  A1  content  of  98  %  were 
reported  to  be  mechanically  stable  during  post-growth  processing,  except  for  minor  structural 
degradations  on  the  edge  of  the  mesa  [6]. 

Due  to  the  high  selectivity  of  the  wet  oxidation  process  with  respect  to  the  A1  content  of  the 
layer  to  be  oxidized,  a  precise  control  over  the  composition  during  molecular  beam  epitaxy 
(MBE)  growth  of  the  structure  is  required  in  order  to  achieve  reproducible  oxidations  [7].  The 
growth  of  high-Al-content  alloys  is,  however,  problematic  with  respect  to  reproducibility.  Short- 
period  superlattices  (SPSLs),  also  termed  digital-alloys,  provide  an  enhanced  control  over  the 
composition  as  compared  to  alloys.  In  addition,  digital  alloys  of  a  wide  variety  of  compositions 
can  be  grown  without  changing  the  effusion  cell  temperatures.  Moreover,  SPSLs  are  of  great 
technological  importance  in  MBE  growth  of  optoelectronic  device  structures  as  they  grow  more 
smoothly  than  alloys,  which  is  especially  important  when  very  thick  structures  like  VCSELs  with 
a  total  thickness  in  excess  of  10  pm  are  grown. 

This  paper  reports  on  wet  oxidation  kinetics,  structure  chemistry  and  mechanical  stability  of 
AfGai-xAs  SPSLs  (x=  0.90-0.98),  which  are  compared  to  AfGai.xAs  alloys. 
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EXPERIMENTAL  DETAILS 


The  structure  used  for  the  study  of  the  oxidation  kinetics  was  grown  by  MBE  on  GaAs(lOO) 
substrates.  The  high-AI-content  layers  used  for  oxidation  were  1000  A-thick  and  were  separated 
by  1000  A  Alo.iGao.yAs  layers.  The  high-Al-content  ALGai  xAs  layers  were  grown  as  SPSLs 
with  equivalent  A1  concentrations  of  x  =  0.90,  0.92,  ...,  0.98,  or  as  alloys  with  x  =  0.96,  0.98. 

The  SPSLs  were  grown  as  periodic  (3-19  ML  AlAs)/(I  ML  AL.6Ga(,.4As)  structures  with  a  fixed 
1  monolayer  thickness  of  the  Al().6Ga(),4As  layers. 

Post  growth  processing  started  with  the  definition  of  300  pm  wide  stripe  mesas  by  standard 
photolithography  and  chemical  wet  etching  using  a  solution  of  HC1:H202:H20  (20: 1:1). 
Oxidations  were  carried  out  at  temperatures  of  350,  400  and  450  °C  for  30  to  1 20  min  in  a  flow 
of  wet  nitrogen  at  atmospheric  pressure.  Wet  nitrogen  was  produced  by  flowing  dry  nitrogen  at  a 
flow  rate  of  2.0  slm  throagh  a  bubbler  filled  with  deionized  water,  which  was  maintained  at  a 
temperature  of  93  °C.  After  the  oxidation,  the  samples  were  cleaved  and  the  oxidation  lengths 
were  measured  using  cross-sectional  scanning  electron  microscopy  (SEM). 

A  sample  for  the  study  of  the  microstructure  and  composition  of  oxidized  SPSLs  with  an 
equivalent  A1  content  of  98  %  consisted  of  1686  A  Al(,,98Gao.o2As  layers  ( lML/29MLs  of 
Al().4Ga().6As/AlAs)  separated  by  744  A  Al(),4Ga<).6As  layers.  Immediately  before  wet  oxidation, 

60  pm  wide  stripe  mesas  were  etched,  and  oxidation  was  carried  out  at  400  °C  for  90  min. 

RESULTS  AND  DISCUSSION 

Oxidation  kinetics 

A  cross-sectional  SEM  image  of  an  oxidized  structure,  which  was  used  for  the  measurement 
of  the  oxidation  lengths,  is  shown  in  Figure  I .  From  the  measurement  of  the  oxidation  lengths  as 
a  function  of  oxidation  time,  the  oxide  growth  was  observed  to  proceed  linearly  with  time  and 
the  oxidation  rates  were  determined  as  plotted  in  Figure  2.  The  oxidation  rates  decrease  with 
decreasing  Al-content,  as  expected,  and  one  can  observe  that  the  oxidation  rates  of  SLs  are 
significantly  higher  than  those  of  alloys  with  the  equal  average  A1  content.  This  difference  in  the 
oxidation  rates  between  SLs  and  alloys  is  decreasing  with  increasing  oxidation  temperature  and 
they  become  equal  within  the  error  of  the  experiment  at  450  °C.  This  observation  is  in  agreement 
with  a  report  by  Pickrell  et  al.  who  observed  the  same  trend  for  an  AlAs/GaAs  SL  with  an 
effective  Al  content  of  98  %  16].  Using  a  similar  model  as  the  one  developed  by  Deal  and  Grove 
for  the  oxidation  of  silicon  [8],  the  linear  growing  oxidation  length  .v  can  be  described  in  terms  of 
an  activation  energy  Ea  as 


Oxidized  Unoxidized 


Figure  1.  Cross-sectional  SEM  image  of  an  oxidized  multilayer  structure,  which  contains 
several  high-Al-content  ALGai-xAs  layers.  From  top  to  bottom:  x  =  0.98,  0.96  alloys,  pure 
AlAs,  X  =  0.90,  0.92,  0.98  SPSLs.  The  oxidation  has  been  carried  out  at  400  °C. 
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Figure  2.  Oxidation  rate  vs.  Al  content. 


(1) 


where  C  is  a  constant.  Hence,  an  Arrhenius  plot 
(Figure  3)  of  the  oxidation  rate  (x/t)  versus  the 
inverse  of  the  oxidation  temperature  T  allows  to 
determine  Ea  and  C  (Table  I).  The  activation 
energies  increase  with  decreasing  Al  content  and 
the  oxidation  process  of  a  SL  has  a  lower 
activation  energy  than  that  of  an  alloy  with  the 
equal  Al  content.  The  determined  activation 
energies  for  the  alloys  are  in  good  agreement  with 
literature  values  [9].  Our  results  clearly  indicate 
that  the  oxidation  processes  of  alloys  and  SPSLs 
are  not  identical. 


Microstructure  and  composition  of  wet-oxidized  AIGaAs  short-period  superlattices 


To  gain  a  more  thorough  understanding  of  the  wet  oxidation  process  of  SPSLs,  we 
investigated  the  microstructure  of  an  Al().98Ga<).o2As  SPSL.  Figure  4  shows  a  cross-sectional 
transmission  electron  microscope  (TEM)  image  of  the  oxidized  AIGaAs  SL  and  its  interface  to 
an  adjacent  unoxidized  Aln.4Gao.6As  layer.  The  interface  (indicated  by  arrows  in  Figure  4) 
between  the  oxidized  and  the  adjacent  unoxidized  layer  was  observed  to  be  rough.  The  image 
also  clearly  shows  traces  of  the  SL  structure  in  the  oxidized  layer.  Certainly,  the  presence  of  an 
ordered  structure  is  a  significant  difference  between  oxidized  SPSLs  and  alloys,  which  can 

explain  for  the  different  oxidation  characteristics 
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Figure  3.  Arrhenius  plot  of  the 
oxidation  rate  vs.  the  inverse  oxidation 
temperature,  illustrating  the  different 
temperature  dependences  of  the  wet 
oxidation  process  of  SLs  and  alloys 
with  the  equal  Al  content. 


of  alloys  and  SLs  with  the  equal  Al  content. 

The  wet  oxidized  layers  are  quite  porous, 
and  the  reaction  kinetics  is  usually  determined  by 
the  diffusion  of  the  reactants  through  the  dense 


Table  I.  Activation  energies  Ea  and  constants 
C  as  determined  from  an  Arrhenius  plot  of  the 
oxidation  rates  vs.  the  inverse  temperature. 


Al  content 

Ea.^V 

C,  pm/min 

100% 

1.09  ±0.11 

18.0±1.9 

98  %  alloy 

1.97  ±0.07 

31.8±1.1 

96  %  alloy 

2. 17  ±0.06 

34.5  ±1.0 

98  %  SL 

1.75  ±0.02 

28.3  ±0.4 

96  %  SL 

1.83  ±0.12 

28.8  ±1.9 
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Figure  4.  Cross-sectional  bright  field  TEM  image  showing  an  oxidized  Al„,98Ga<,.(,2As  SPSL 
(upper  part)  and  its  interface  (indicated  by  arrows)  to  an  adjacent  unoxidized  AI„.4Ga(,.6As 
layer  (lower  part).  Traces  of  the  SL  structure  are  clearly  observed  in  the  oxidized  layer. 


oxidation  front.  The  properties  of  this  oxidation  front  are  very  sensitive  to  the  Ga  content. 
Therefore,  the  presence  of  an  ordered  structure,  such  as  the  traces  of  the  SL,  provides  an  efficient 
path  for  diffusion  of  reactants  (through  areas  without  Ga)  and  results  in  an  increased 
concentration  of  the  oxidizing  agent  water  at  the  reaction  front.  Hence,  the  oxidation  rate  is 
increased  (assuming  that  the  oxidation  process  is  not  reaction  rate  limited),  which  is  in 
agreement  with  our  observations  at  350  and  400  ®C.  With  increasing  temperature,  the  diffusion 
through  the  dense  oxidation  front  becomes  faster  and  thus,  the  kinetics  of  the  oxidation  process  is 
determined  by  the  rate  of  reaction  at  the  reaction  front.  Therefore,  the  difference  in  the  oxidation 
rate  of  alloys  and  SLs  with  the  equal  AI  contents  will  become  smaller  with  increasing 
temperature  until  the  oxidation  rates  of  SLs  and  alloys  finally  become  equal,  which  is  also 
supported  by  our  experimental  results. 

The  oxidized  Alo.i>8Ga().o2As  SLs  have  been  observed  to  be  unstable  under  electron  beam 


exposure  in  the  TEM,  showing  recrystallization  and  grain  growth.  This  is  in  agreement  with  an 
earlier  report  in  literature  on  the  microstructure  of  wet  oxidized  AlGaAs  alloys  [10].  Selected 
area  electron  diffraction  patterns  (SADPs)  taken  during  the  observation  in  the  TEM  illustrate  this 
crystallization  process  (Figure  5).  At  the  very  beginning  of  the  observation,  the  SADP  (Figure 

5a)  shows  a  diffuse  pattern  indicating  an 
amorphous  material.  After  several  minutes 
of  the  electron  beam  exposure,  a  sharp 
ring  pattern  is  formed  (Figure  5b), 
corresponding  to  non-stoichiometric 
polycrystalline  cubic  Y-AI2O3  phase  with  a 
lattice  constant  of  7.9  A  (PDF  file  #74- 
2206). 

Further  investigations  on  the 
composition  were  carried  out  using  energy 
Figure  5.  Selected  area  electron  diffraction  dispersive  x-ray  spectroscopy  (EDXS)  and 
patterns  from  the  oxidized  SL  showing  Rutherford  backscattering  (RBS).  The 

crystallization  under  the  electron  beam,  (a)  At  the  results  showed  that  As  is  evaporated  upon 
beginning  of  the  observation,  showing  an  wet  oxidation  and  that  only  significant 

amorphous  structure,  (b)  After  .several  minutes  of  amounts  of  Al  and  O  are  pre.sent  in  the 

observation,  showing  a  polycrystalline  structure  oxidized  material,  as  was  expected  from 

of  cubic  Y-AI2O3  phase. 
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previous  reports  on  the  composition  of  oxidized  AlGaAs  alloys  [10].  The  composition  of  the 
oxidized  Alo.98Gao.02 As  SL  matches  with  an  a-Al203  (sapphire)  standard  sample  within  5  %. 

Also  the  formation  of  aluminum  hydroxides  can  be  expected  upon  wet  oxidation.  Nuclear 
reaction  analysis  (NR A)  was  employed  for  hydrogen  profiling  in  the  oxidized  Al0.98Ga0.02 As 
SPSL.  NRA  for  hydrogen  was  carried  out  using  a  resonant  nuclear  reaction  of  N  and  H  at  a 
resonance  energy  of  6.385  MeV: 

‘^N  +  ’H  ->  +  '‘He  +  gamma-ray.  (2) 

A  hydrogen  depth  profile  was  first  measured  for  the  as-oxidized  sample.  Subsequently,  this 
sample  was  annealed  at  450  °C  in  vacuum  (~  10'^  mbar)  for  10  min  and  a  second  hydrogen  depth 
profile  was  measured.  Figure  6  shows  the  measured  hydrogen  depth  profiles.  In  the  as-oxidized 
sample,  the  hydrogen  concentration  in  the  oxidized  layer  was  determined  to  be  about  2x10 
cm  which  corresponds  to  an  Al-to-H  ratio  of  about  1 :0.7.  After  annealing  in  vacuum,  the 
hydrogen  concentration  is  reduced  significantly,  and  the  determined  Al-to-H  ratio  is  about  1:0.2. 
High  H  concentration  in  the  as-oxidized  sample  is  likely  due  to  absorption  of  water  in  the  porous 
oxide  layer,  though  the  formation  of  aluminum  hydroxides  cannot  be  completely  ruled  out.  After 
the  vacuum  anneal,  most  of  the  absorbed  water  is  evaporated,  and  the  hydrogen  concentration  is 
determined  by  the  chemically  bound  H,  presumably  in  the  form  of  aluminum  hydroxides. 

Mechanical  stability  of  oxide-aoertured  VCSELs  and  LEDs 

We  used  Alo.96Ga(i.o4As  SPSL  wet  oxidation  layers  for  the  fabrication  of  oxide-apertured 
AlGaAs-based  VCSELs.  These  devices  had  diameters  ranging  from  10  to  35  pm  and  were 
oxidized  at  400  °C.  Oxidation  lengths  were  varied  between  4  and  10  pm.  We  did  not  observe  any 
structural  degradation  of  these  device  structures  upon  wet  oxidation  or  further  processing. 

For  the  fabrication  of  AlGaAs-based  surface-emitting  LEDs,  oxidation  lengths  in  excess  of 
10  pm  were  required.  We  employed  a  1000  A  Alfl.98Ga0.02As  SPSL,  which  was  embedded  in  2 

pm  thick  Alo.1Gao.9As  layers,  as  a  wet 
oxidation  layer.  Upon  wet  oxidation, 
formation  of  cracks  was  observed.  These 
cracks  originated  from  the  wet  oxidation  layer 
and  propagated  towards  the  top  of  the 
structure  (Figure  7).  Also  a  cavity  can  be 
observed  to  form  at  the  origin  point  of  the 
crack.  Interestingly  enough,  the  position  of  the 
cracks  were  found  to  be  independent  of  the 
oxidation  length  for  a  particular  structure.  For 
the  LED  structure  shown  in  the  Figure  7,  the 
cracks  always  originated  at  20  pm  from  the 
mesa  edge,  indicating  the  existence  of  a 
critical  stress  and,  therefore,  a  critical 
oxidation  length.  Cracking  occurs  due  to  the 
buildup  of  stress  caused  by  the  shrinkage  of 
the  high-Al-concentration  layer  upon  wet 
oxidation.  Such  structural  degradations  were 
so  far  known  only  for  pure  AlAs  oxidation 
layers.  We  envision  that  the  critical  oxidation 
length  is  a  function  of  the  composition  of  the 


Oxidized 


Depth,  nm 

Figure  6.  Hydrogen  depth  profiles  of  an  as- 
oxidized  sample  (solid  line)  and  of  the  same 
sample  after  annealing  in  vacuum  (dotted 
line).  The  hydrogen  concentration  is  strongly 
reduced  after  annealing  of  the  sample  in 
vacuum. 
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oxidation  layer  as  well  as  of  the  geometry 
and  mechanical  properties  of  the  whole 
structure.  Further  efforts  should  be 
applied  to  establish  the  window  for  the 
mechanically  stable  oxidized  structures. 

CONCLUSIONS 

In  conclusion,  we  characterized  the 
kinetics  of  the  lateral  wet  oxidation 
process  of  high-Al-content  short-period 
superlattices  (SPSLs),  investigated  the 
microstructure  and  composition  of  an 
oxidized  Al().wGa(),(,2As  SPSL,  and 
reported  on  the  mechanical  stability  of 
VeSELs  and  LEDs  with  an  AlGaAs 
SPSL  oxide  aperture.  The  differences  in 
the  oxidation  kinetics  of  SLs  and  alloys 
were  explained  by  the  presence  of  traces 
of  the  SL  structure  in  the  oxidized  SPSL 
layer,  which  results  in  a  higher  oxidation 
of  the  SPSLs.  The  oxidized  layer  was 
found  to  have  amorphous  structure,  and  was  recrystallized  under  the  electron  beam  exposure 
during  TEM  observation  to  form  a  polycrystalline  non-stoichiometric  y-ALOi  phase.  High 
hydrogen  concentration  (AI-to-H  ratio  of  1:0.7)  was  measured  for  an  as-oxidized  film,  and  we 
demonstrated  that  the  hydrogen  concentration  was  greatly  reduced  (3.5  times)  by  thermal 
annealing  of  the  sample  in  vacuum.  A  critical  oxidation  length  for  the  formation  of  cracks  was 
observed  for  short-period  superlattices  with  the  equivalent  composition  of  Al(,.yKGa4,„2As.  Once 
this  critical  oxidation  length  is  exceeded,  cracks  arc  formed,  indicating  the  relaxation  of  the 
buildup  stre.ss. 
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Figure  7.  Focused  ion  beam  (HB)  micro.scope 
image  of  the  cross  section  of  a  LED  structure 
oxidized  through  40  pm.  A  crack  (indicated  by 
arrows)  was  formed  upon  wet  oxidation  and  is 
originating  from  the  oxidized  AlGaAs  SL  to  the 
surface  of  the  structure. 
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ABSTRACT 

An  investigation  of  the  physical  mechanisms  governing  the  response  of  III-V  based 
solar  cells  to  particle  irradiation  is  presented.  The  effect  of  particle  irradiation  on  single  and 
multijunction  solar  cells  is  studied  through  current  vs.  voltage,  spectral  response,  and  deep  level 
transient  spectroscopy  measurements.  The  basic  radiation  response  mechanisms  are  identified, 
and  their  effects  on  the  solar  cell  electrical  performance  are  described.  In  particular,  a  detailed 
analysis  of  multijunction  InxGai^xP/InyGaj.yAs/Ge  devices  is  presented.  The  MJ  cell  response  is 
found  to  be  more  strongly  affected  by  the  internal  cell  structure  than  by  the  In  content. 

INTRODUCTION 

This  invited  talk  will  give  a  brief  tutorial  on  the  effects  of  the  space  radiation 
environment  on  the  electrical  properties  of  advanced  photovoltaic  materials  and  devices.  Solar 
cells  are  the  basis  of  nearly  all  spacecraft  power  systems.  The  space  market  for  commercial 
communications  as  well  as  military  and  scientific  applications  is  driving  rapid  development  of 
new  solar  cell  technologies  to  provide  increased  power.  In  particular,  the  approach  of 
multijunction  (MJ)  solar  cells,  where  bandgap  engineering  is  employed  in  layering  several 
semiconductor  junctions  in  a  monolithic  stack,  has  rapidly  matured,  attaining  record,  one-sun, 
air-mass-zero  efficiencies  close  to  30%  [1].  However,  for  these  advanced  technologies  to 
operate  efficiently  in  space,  they  must  by  resistant  to  the  harsh  space  radiation  environment. 

This  paper  will  begin  with  a  discussion  of  the  basic  mechanisms  of  radiation  damage  in  solar  cell 
materials.  The  talk  will  then  describe  the  physics  of  multijunction  solar  cells  and  show  how 
these  advanced  devices  respond  to  radiation  exposure.  In  keeping  with  the  general  symposium 
theme,  the  presentation  will  focus  on  the  InGaAs  and  related  material  systems. 

BASIC  RADIATION  DAMAGE  MECHANISMS 

As  an  energetic  particle  passes  through  the  atomic  lattice  of  a  material,  it  transfers 
energy  to  the  lattice  through  ionizing  events  in  which  electrons  in  the  lattice  are  temporarily 
excited  to  higher  energy  levels  and  nonionizing  events  in  which  collisions  between  the  incident 
particle  and  target  atoms  results  in  displacement  of  atoms  in  the  lattice.  In  terms  of  solar  cell 
radiation-induced  degradation,  ionization  has  little  effect.  It  is  the  permanent  displacement 
damage  produced  by  nonionizing  events  that  degrades  the  device  electrical  performance.  A 
calculation  of  the  amount  of  energy  lost  to  nonionizing  events  (i.e.  the  nonionizing  energy  loss 
(NIEL))  by  a  proton  and  an  electron  incident  upon  GaAs  as  a  function  of  the  incident  particle 
energy  is  shown  in  Fig.  1  [2].  The  calculated  NIEL  values  show  protons  to  be  much  more 
damaging  with  the  amount  of  damage  increasing  as  the  energy  decreases  until  the  threshold  for 
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atomic  displacement  is  reached.  For  electrons,  on  the  other  hand,  the  amount  of  displacement 
damage  decreases  as  the  energy  decreases. 


Figure  1.  Calculated  nonionizing  energy  loss  (NIEL)  for  electrons  and  protons  incident  upon 
GaAs 


Considering  a  solar  cell  in  a  space  radiation  environment,  the  primary  radiation  effect  is 
the  creation  of  point  defects  or  defect  complexes  that  form  energy  levels  within  the 
semiconductor  bandgap.  An  example  of  a  radiation-induced  defect  spectrum  as  measured  in  an 
InP  solar  cell  after  proton  irradiation  using  deep  level  transient  spectroscopy  (DLTS)  is  shown  in 
Pig  2  [3].  Each  peak  in  the  DLTS  spectrum  corresponds  to  a  specific  defect  energy  level  acting 
as  a  trapping  center  for  free  charge  carriers.  A  positive  peak  indicates  a  majority  carrier  trap  and 
a  negative  peak  indicates  a  minority  carrier  trap. 


Figure  2.  Deep  level  transient  speclro.scopy  (DLTS)  measurements  made  on  an  InP  solar  cell 
after  irradiation.  The  positive  peaks  indicate  a  majority  carrier  trap,  and  the  negative  peaks 
indicate  capture  of  a  minority  charge  carrier.  The  inset  indicates  the  location  of  the  defect  levels 
within  the  InP  bandgap. 

The  effects  of  the  radiation-induced  defects  on  the  solar  cell  electrical  characteristics 
depend  on  the  location  of  the  defect  energy  level  within  the  bandgap.  Those  defect  levels  lying 
nearer  to  mid-gap,  like  the  defect  levels  labeled  H4  and  H5  in  the  spectrum  of  Fig.  2,  tend  to  act 
as  free  charge  carrier  traps  and  recombination  centers.  The  presence  of  such  defect  levels 
reduces  the  minority  carrier  lifetime  (x)  and  diffusion  length  (L).  The  decrease  in  L  with  the 
introduction  of  defects  is  given  by  [4]: 
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where  Lo  is  the  preirradiation  value  of  L,  <Ji  is  the  minority  carrier  capture  cross  section  of  the  i'*’ 
recombination  center,  Iti  is  the  introduction  rate  of  the  recombination  center,  V  is  the  thermal 


velocity  of  the  minority  carrier,  D  is  the  diffusion  coefficient,  and  Dd  is  the  displacment  damage 
dose,  which  is  given  by  the  product  of  the  particle  fluence  and  the  NIEL  [5].  As  shown  in  Eq. 
(1),  the  specific  parameters  for  each  defect  are  typically  lumped  into  a  single  damage  coefficient, 
Kl.  An  example  of  measured  diffusion  length  data  and  a  fit  of  the  data  to  Eq.  (1)  is  shown  in 


Fig.  3. 
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Figure  3.  Degradation  of  the  minority  carrier  diffusion  length,  L,  in  an  InP  solar  cell  due  to 
proton  irradiation.  The  line  represents  a  fit  of  the  data  to  Equ  1 . 


Those  defects  lying  closer  to  one  of  the  bands  tend  to  act  as  majority  charge  carrier 
traps.  The  capture  of  a  majority  carrier  can  cause  compensation  of  the  material  thus  reducing  the 
carrier  concentration.  This  is  referred  to  as  carrier  removal  and  such  trapping  centers  are  referred 
to  as  compensation  centers.  Carrier  removal  effects  emerge  when  the  radiation-induced  defect 
concentration  is  on  the  order  of  the  dopant  concentration.  Since  solar  cells  typically  have  dopant 
levels  >10'^  cm'^,  carrier  removal  effects  are  usually  not  seen  until  relatively  higher  irradiation 
levels.  In  the  case  of  InP,  the  minority  carrier  traps  labeled  EA,  EC,  and  ED  (Fig.  4)  have  been 
shown  to  be  compensation  centers.  A  demonstration  of  the  evolution  of  the  carrier  concentration 
under  irradiation  is  shown  in  Fig.  4,  where  electrochemical  capacitance  (ECV)  profiling  has  been 
used  to  measure  the  carrier  density  in  an  n'^p  InP  solar  cell  after  increasing  levels  of  irradiation 
[6].  The  irradiation  causes  the  carrier  concentration  in  the  p-type  material  to  be  reduced  until  the 
material  is  actually  type  converted  and  driven  n-type. 


BASIC  RADIATION  DAMAGE  MECHANISMS 


In  this  section,  the  radiation  damage  mechanisms  discussed  in  the  preceding  section  will 
be  related  to  the  degradation  of  the  electrical  output  of  a  solar  cell.  The  primary  method  for 
characterizing  the  output  of  a  solar  cell  is  by  measuring  the  current  vs.  voltage  (IV)  curve  under 
simulated  solar  light.  An  example  of  an  IV  curve  measured  on  a  single-junction  InP  solar  cell  is 
shown  in  Fig.  5.  The  standard  IV  parameters  extracted  from  these  data  are  the  short  circuit 
current,  Isc;  the  open  circuit  voltage,  Voc;  and  the  maximum  power,  Pmp.  The  sunlight  to 
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electricity  conversion  efficiency  (Eff)  is  determined  by  dividing  Pmp  by  the  incident  solar 
power.  In  this  paper,  all  measurements  were  made  under  extraterrestrial  simulated  solar  light, 
i.e.  air  mass  zero  (AMO),  at  one  sun  intensity,  136.7  mW/cm^.  The  final  IV  parameter  to 
introduce  is  the  fill  factor  (FF),  which  is  given  by  the  ratio  of  Pmp  to  the  product  of  Isc  and  Voc 
and  gives  a  measure  of  how  square  the  IV  curve  is.  The  closer  the  FF  is  to  unity,  the  higher  the 
quality  of  the  solar  cell  junction. 


Figure  4.  Electrochemical  capacitance  (ECV)  profile  of  an  n+p  InP  solar  cell  after  proton 
irradiation.  The  radiation-induced  defects  act  as  compensation  centers  the  deplete  and  then  typ- 
convert  the  p-type  base  region. 


Voltage  (V) 

Figure  5.  Current  vs.  voltage  (IV)  curve  measured  on  an  InP  solar  cel!  indicating  the  standard  IV 
parameters  used  to  characterize  the  solar  cell  electrical  output. 


When  a  solar  cell  is  exposed  to  particle  irradiation,  the  IV  parameters  degrade.  As  an 
example,  the  decrease  in  the  PV  parameters  of  the  InP  solar  cell  of  Fig.  5  due  to  proton 
irradiation  is  shown  in  Fig.  6.  For  proton  fluences  up  to  about  IxlO'^  cm'%  each  of  the  IV 
parameters  shows  steady  degradation.  This  degradation  is  due  almost  entirely  to  a  reduction  in 
the  minority  carrier  diffusion  length.  As  the  diffusion  length  degrades,  less  of  the 
photogenerated  charge  carriers  are  able  to  transit  the  material  to  be  collected,  so  Isc  degrades.  At 
the  same  time,  an  increase  in  the  concentration  of  recombination/generation  centers  in  the 
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depletion  region  causes  an  increase  in  the  junction  dark  current,  which  degrades  Voc.  The 
voltage  and  current  degradation  leads  to  degradation  of  Pmp  and  FF. 


Figure  6.  Degradation  of  the  IV  parameters  of  an  InP  solar  cell  under  irradiation. 


After  irradiation  to  fluences  above  IxlO'^  cm‘^,  significantly  different  behavior  is 
observed.  While  Voc  continues  to  degrade  in  a  fashion  similar  to  that  observed  at  lower 
fluences,  Isc  shows  a  large  increase  followed  by  a  decrease  to  essentially  zero.  As  a  result,  Pmp 
experiences  a  small  plateau  region  followed  by  a  sharp  plummet  to  zero.  These  effects  are 
caused  by  carrier  removal  in  the  base  region.  As  shown  in  Fig.  4,  at  higher  fluence  levels,  the 
irradiation  causes  a  marked  decrease  in  the  base  carrier  concentration  resulting  in  an  increased 
depletion  region  width  until  the  entire  base  region  is  eventually  depleted.  In  this  condition,  the 
carrier  collection  is  entirely  by  drift  along  the  depletion  region  electric  field,  which  is  much  more 
efficient  than  collection  by  diffusion  through  the  bulk  material,  especially  under  the  condition  the 
reduced  carrier  lifetime.  Therefore,  Isc  shows  an  increase.  However,  the  increased  size  of  the 
depletion  region  also  results  in  increased  recombination/generation  dark  current,  which  degrades 
Voc.  When  the  base  material  is  eventually  type  converted,  the  junction  is  essentially  destroyed, 
and  the  solar  cell  stops  working.  In  addition  to  explaining  the  solar  cell  behavior  after  irradiation 
to  high  fluence  levels,  these  results  also  highlight  the  influence  that  the  solar  cell  structure  can 
have  on  the  device  radiation  response.  This  will  be  important  in  the  discussion  of  multijunction 
solar  cell  response  below. 


BASIC  MULTUUNCTION  SOLAR  CELL  STRUCTURE 


A  multijunction  (MJ)  solar  cell  is  a  structure,  which  consists  of  a  monolithic  stack  of 
several  semiconductor  materials  with  different  bandgaps.  The  layers  are  interconnected  via 
tunnel  diodes.  In  this  configuration,  the  voltages  of  each  individual  junction  add  while  the 
current  is  limited  by  the  junction  with  the  smallest  photocurrent.  The  goal  in  designing  a  MJ 
solar  cell  is  to  choose  the  bandgap  combination  for  maximum  electrical  conversion  of  the 
incident  sunlight.  A  calculation  of  theoretical  efficiencies  for  a  two-junction  device  as  a  function 
of  the  top  and  bottom  material  band  gap  is  shown  in  Fig.  7.  From  these  calculations  it  is  seen 
that  even  with  only  a  two-junction  device,  efficiencies  above  32%  are  theoretically  achievable. 
However,  since  these  are  monolithic  devices,  the  choice  of  material  systems  is  constrained  to 
ones  that  allow  for  high  quality  growth  of  one  layer  upon  the  other. 
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Figure  7.  Calculated  I  sun,  AMO  efficiency  of  a  dual-junction  solar  cell  as  a  function  of  lop  and 
bottom  cell  bandgap. 


Figure  8.  Example  IV  curves  a  single-junction  GaAs/Ge  and  a  dual  and  triple  junction 
InGaP2/GaAs/Ge  solar  cells. 

By  far  the  greatest  success  has  been  achieved  with  the  dual  and  triple  junction 
InGaP2/GaAs/Ge  system.  Representative  IV  curves  from  a  one-junction  GaAs/Ge,  two-junction 
InGaPz/GaAs/Ge,  and  three-junction  InGaPVGaAs/Ge  cell  are  shown  in  Fig  8.  Comparing  these 
curves  shows  how  the  addition  of  the  InGaP:  top  junction  limits  the  current  but  boosts  Voc  by 
almost  1 .3  V  resulting  in  a  net  increase  in  power  output.  Adding  a  junction  in  the  Ge  bottom 
layer  further  boosts  the  voltage  by  nearly  0.3  V.  Since  Ge  has  a  relatively  low  bandgap,  the  Ge 
sub-cell  typically  produces  sufficient  photocurrent  to  not  limit  the  overall  device  current.  The 
current  state-of-the-art  for  the  three-junction  device  has  efficiencies  approaching  27%  (1-sun 
AMO)  [7].  ^  ^  ’ 

Efforts  to  develop  higher  powered  devices  include  the  development  of  an  appropriate  I- 
eV  bandgap  material  for  a  forth  junction  as  described  in  [8].  Other  efforts  are  focused  on 
applying  the  concept  of  bandgap  engineering  to  achieve  a  bandgap  combination  that  is  better 
tuned  to  the  AMO  spectrum  (see  Fig,  8).  Leveraging  on  the  success  of  the  InGaP2/GaAs/Ge 
technology,  the  InxGai.^P/InyGai.yAs/Ge  system  is  being  developed  at  several  laboratories  [1,9]. 
These  material  system  is  showing  very  good  results  as  ongoing  improvements  in  lattice 
mismatched  and  strained  layer  growth  techniques  arc  significantly  relaxing  the  lattice  matching 
requirement  [10].  Spectral  respon.se  data  measured  in  InxGai.xP/IUyGai.yAs/Ge  MJ  devices  at 
two  stoichiometries  are  shown  in  Fig.  9.  Spectral  response  is  a  measurement  of  the  device 
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response  to  monochromatie  light.  Increasing  the  In  content  within  each  subcell,  i.e,  increasing  x 
and  y,  decreases  the  bandgap  thus  extending  the  absorption  range.  This  results  in  increased 
photo-absorption  and,  hence,  photocurrent,  but  it  also  results  in  reduced  voltages.  It  is  balancing 
these  competing  effects  that  yields  the  stoichiometry  that  is  optimized  for  a  given  input 
spectrum.  In  addition,  the  effect  of  an  increased  In  concentration  on  the  cell  radiation  response 
must  be  considered.  This  aspect  will  be  investigated  in  the  remainder  of  the  paper. 


Wavelength  (nm) 

Figure  9.  Example  spectral  response  curves  a  dual-junction  InxGai-xP/InyGai-yAs  solar  cells  at 
two  stoichiometries. 

MULTIJUNCTION  SOLAR  CELL  RADIATION  RESPONSE 

An  example  of  the  radiation  response  of  MJ  InGaP2/GaAs/Ge  devices  in  both  a  two  and 
a  three-junction  configuration  is  shown  in  Fig  10  along  with  data  from  a  single  junction 
GaAs/Ge  device  for  comparison  [11,12].  Comparing  the  data  on  an  absolute  scale  (Fig  10a) 
shows  that  clear  advantage  of  the  MJ  devices,  as  the  MJ  cells  produce  significantly  higher  power 
both  before  and  after  irradiation.  Comparing  Fig  10  with  Fig.  6,  the  MJ  cell  response  is  seen  to 
be  controlled  primarily  by  diffusion  length  degradation.  Comparing  the  data  on  a  normalized 
scale  (Fig  10b)  shows  the  degradation  characteristics  of  the  three  technologies  to  be  similar  with 
the  MJ  devices  showing  higher  radiation  resistance. 

The  mechanisms  for  the  MJ  cell  radiation  response  stems  from  the  monolithic  nature  of 
the  MJ  device.  Since  the  current  of  a  MJ  device  is  limited  by  the  smallest  photocurrent  of  the 
three  sub-junctions,  the  most  radiation  sensitive  sub-junction  generally  controls  the  radiation 
response.  To  show  this  explicitly,  the  spectral  response  of  an  InGaP2/GaAs/Ge  three-junction 
cell  after  proton  irradiation  is  considered  (Fig  11).  The  integral  of  each  of  these  curves  with  the 
incident  spectrum  yields  the  photocurrent.  Given  the  wide  absorption  range  of  the  Ge  sub-cell,  it 
produces  significantly  more  photocurrent  than  the  top  two  junctions,  even  after  irradiation,  so  it 
does  not  limit  the  current.  The  photocurrents  of  the  top  two  sub-cells,  on  the  other  hand,  are 
quite  closely  matched  in  the  as-grown  device.  The  as-grown  condition  is  referred  to  as 
liginning-of-life  (BOL).  Indeed,  current  matching  is  the  condition  for  maximum  power  output, 
and  this  device  was  specifically  designed  to  achieve  current  matching  at  BOL.  However,  under 
irradiation,  the  GaAs  sub-cell  degrades  much  faster  than  the  InGaP2  sub-cell  so  that  it  limits  the 
current.  This  explains  the  similarity  in  the  normalized  radiation  degradation  curves  (Fig  10b), 
since  in  each  of  the  three  configurations,  it  is  the  GaAs  junction  that  controls  the  radiation 
response. 


(a)  (b) 

Figure  10.  Radiation- induced  degradation  of  single-junction  GaAs/Ge  and  dual  and  triple- 
junction  GaInP2/GaAs/Ge  solar  cells  considered  on  an  absolute  (a)  and  a  normalized  scale  (b). 


Wavelength  (nm) 

Figure  11.  Radiation-induced  degradation  of  spectral  response  of  a  triple-junction 
GaInp2/GaAs/Ge  solar  cell. 

The  improved  radiation  resistance  of  the  MJ  cells  over  the  single-junction  GaAs  cells 
can  be  explained  through  current  matching.  While  the  cell  of  Fig.  1 1  was  designed  to  be  current 
matched  at  BOL,  the  cell  can  also  be  designed  to  be  current-matched  after  irradiation.  The  after 
irradiation  condition  is  referred  to  as  end-of-life  (EOL).  Since  the  GaAs  cell  degrades  more 
rapidly,  a  current  matched  cell  at  EOL  will  be  top  cell  limited  at  BOL.  This  will  sacrifice  some 
of  the  BOL  power  but  result  in  optimum  EOL  performance.  Some  ways  of  attaining  a  top-cell 
limited  device  include  thinning  the  top  cell,  decreasing  absorption  in  the  interconnecting  tunnel 
junction,  and  extending  the  GaAs  sub-cell  absorption  range.  Wlien  top-cell  limited  at  BOL,  the 
degradation  of  a  MJ  cell  will  be  controlled  by  the  more  radiation  resistant  InGaP2  top-cell  until  a 
specific  irradiation  level  is  reached  where  the  photocurrent  of  the  GaAs  sub-cell  is  degraded  to 
the  level  of  the  top-cell  leaving  the  device  current  matched.  The  challenge,  then,  is  to  engineer 
the  cell  structure  so  that  the  radiation  level  corresponding  to  current  matching  coincides  with  the 
predicted  radiation  level  of  a  specific  space  mission. 
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RADIATION  RESPONSE  OF  InxGai.xP/IiiyGai.yAs/Ge  MJ  SOLAR  CELLS 

Since  the  GaAs  sub-cell  has  been  shown  to  be  the  most  radiation  sensitive  within  the 
InGaP2/GaAs/Ge  stack,  significant  research  is  being  dedicated  to  understanding  the  radiation 
response  of  single-junction  InyGai-yAs  devices  for  application  in  the  InxGai-xP/InyGai.yAs/Ge 
system.  [9,13,14].  The  radiation  response  of  several  configurations  of  this  cell  type  is  shown  in 
Figs.  12a-c.  For  Dd  levels  up  to  ~  10*°  MeV/g,  the  Pmp  degradation  for  all  of  the  InyGai.yAs 
cells  is  nearly  equivalent  to  that  of  a  conventional  GaAs  cell  (i.e.  with  y=0).  This  is  quite  a  high 
exposure  level,  being  roughly  equivalent  to  a  one-year  mission  in  the  heart  of  the  Earth's  proton 
belts.  This  indicates  the  radiation  resistance  of  the  InyGa^yAs  cells  to  be  relatively  insensitive  to 
changes  in  the  value  of  y. 


(a)  (b)  (c) 

Figure  12.  Radiation-response  of  several  single-junction  InyGaj.yAs  solar  cells. 

Some  variation  in  cell  response  amongst  the  different  technologies  is  observed  at  higher  Dd 
levels.  In  particular,  the  22%  In  cells  showed  a  rapid  decrease  in  voltage  (Fig  12b)  and  current 
(Fig  12c)  for  Dd  >  5x10^  MeV/g.  Measurements  showed  the  Voc  degradation  to  be  due  to  a 
more  rapid  radiation-induced  increase  in  dark  current  in  the  22%  In  cells.  This  may  be  a  direct 
result  of  the  higher  In  content  in  those  cells  and,  hence,  lower  band-gap  and  larger  lattice 
mismatch.  However,  the  Lc  response  suggests  that  differences  in  cell  structure  also  significantly 
impact  the  radiation  response.  The  17%  In  cells,  which  were  of  a  p-i-n  and  n-i-p  structure, 
displayed  a  much  better  blue  response  before  irradiation,  which  was  nearly  insensitive  to  the 
irradiation,  and  after  irradiation,  those  cells  showed  a  better  spectral  response  at  nearly  all 
wavelengths  (Fig  13).  This  can  be  explained  by  the  enhanced  coOection  efficiency  afforded  by 
the  intrinsic  layer  of  these  cells  and  to  a  better  front  and  rear  interface  passivation  scheme.  From 
these  results,  it  can  be  concluded  that,  within  the  range  of  In  concentrations  studied,  the  response 
of  these  cells  are  more  strongly  controlled  by  the  cell  structure  than  the  In  concentration. 

The  radiation  response  of  several  dual  junction  InxGai.xP/InyGai-yAs  devices  are  shown 
in  Fig  1 2.  The  device  with  y  =  0.49  and  x  =  0.0  is  an  EOL  optimized  cell  developed  under  the 
ManTech  program  [11].  Except  for  the  Ino.esGaojsP/Ino.nGao.ssAs  cell  in  the  n/p  structure,  the 
cells  show  generally  similar  radiation  characteristics,  independent  of  the  In  concentration.  This 
is  especially  significant  in  the  case  of  y  =  0.35,  x  =  17  device,  considering  the  large  difference  in 
In  concentration  and  the  top  cell  configuration.  The  n/p  Ino.65Gao.35P/Ino.17Gao.83As  cell  was 
optimized  for  terrestrial  use  under  AMI  .5  illumination,  so  the  middle  cell  base  thickness  and 
dopant  level  were  larger  than  optimal  for  good  radiation  resistance.  These  results  are  similar  to 
those  of  the  single  junction  GayIni.yAs  cells,  and  again  suggest  that  the  cell  structure  may  have 
considerably  more  affect  on  the  radiation  response  than  the  In  concentration. 
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Wavelength  (nm) 


Figure  13,  Radiation-response  of  the  spectral  response  of  two  single-junction  InyGai.yAs  solar 
cells. 


Olsplacemeni  Damage  Dose  (MeV/g) 


Figure  14.  Comparison  of  the  radiation-response  of  several  dual  junction  In,Ga|.xP/InyGai  .yAs 
solar  cells. 

The  advantages  of  the  EOL  optimized  InGaP2/GaAs  can  be  seen  through  a  study  of  the 
Isc  response  of  the  cells  (Fig.  13).  At  low  Dd  levels,  the  Isc  of  the  EOL  optimized  cell  is  limited 
by  the  top  cell,  and  as  such,  degrades  little  since  the  top  cell  is  quite  resistant  to  irradiation.  As 
the  bottom  cell  degrades  at  higher  Dd  levels,  the  dual-junction  device  transitions  to  being  bottom 
cell  limited.  At  this  point,  the  dual-junction  Isc  degradation  curve  turns  over  and  rapidly 
degrades  down  to  the  level  of  the  other  cells. 


Figure  15.  Comparison  of  the  radiation-response  of  Isc  in  the  In,Gai.,P/InyGai.yAs 
solar  cells  of  Fig  1 2. 
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These  results  clearly  demonstrate  that,  like  the  InGaP2/GaAs  technology,  the  GayIni.yAs 
sub-cell  cell  primarily  controls  the  radiation  response  of  the  MJ  GaxIni-xP/Gaylnj-yAs  devices.  In 
Fig.  14,  the  normalized  degradation  of  the  Isc  of  the  GaxIni-xP  top  and  Gaylnj.yAs  bottom  cells 
are  shown  independently.  These  data  were  calculated  by  integrating  the  spectral  response  of 
each  subcell  over  the  energy  dependence  of  the  AMO  spectrum.  The  degradation  of  all  the 
GaxIni-xP  cells  can  be  seen  to  be  small  up  to  high  damage  levels,  independent  of  the 
stoichiometry.  The  Gai.xInxAs  cells,  on  the  other  hand,  degrade  significantly.  Also,  a  significant 
difference  is  observed  in  the  degradation  of  the  different  Gai.xInxAs  bottom  cells.  Since  two  cell 
structures,  each  with  y  =  0.03,  show  significantly  different  behavior,  this  difference  cannot  be 
attributed  only  to  the  cell  stoichiometry.  Again,  the  cell  response  appears  to  be  more  strongly 
controlled  by  the  cell  structure.  The  n-i-p  Ga().97lno.o3As  sub-cell  benefits  from  the  increased 
carrier  collection  efficiency  afforded  by  the  extended  electric  field  of  the  intrinsic  region.  Also, 
in  contrast  to  the  n-i-p  Gao.97Ino.03 As,  which  was  designed  for  AMO  operation,  the  n/p 
Gao.97Ino.03 As  cell  was  designed  from  AMI  .5  operation,  so  the  base  dopant  level  was  relatively 
high  in  that  cell  (~  2xl0'^  cm'^),  which  results  in  a  lower  radiation  resistance. 


Figure  16.  Comparison  of  the  radiation-response  of  photocurrent  of  the  top  and  bottom  cells  of 
the  the  InxGai-xP/InyGai.yAs  solar  cells  of  Figs  12  and  13. 

CONCLUSIONS 

In  this  paper,  an  comprehensive  analysis  of  the  radiation  response  characteristics  of  III-V 
multijunction  solar  cells  has  been  presented.  The  basic  mechanisms  governing  the  cell  radiation 
response  have  been  identified,  and  their  impact  on  the  cell  electrical  performance  has  been 
described.  Results  on  the  electrical  performance  and  radiation  hardness  of  tandem  solar  cells 
from  the  new  lattice  mismatched  GaxIni-xP/Gaylni.yAs  material  combination  has  been  presented. 
It  was  shown  that  despite  the  lattice  mismatch,  excellent,  multijunction  photovoltaic  devices  can 
be  produced  with  these  material  systems.  Contrary  to  initial  speculation,  the  radiation-response 
of  the  Gayini.y As-based  devices  is  quite  good  and  essentially  independent  of  In  content.  Instead, 
it  is  the  cell  structure  that  more  significantly  controls  the  radiation-response,  and  it  has  been 
shown  how  the  cell  structure  may  be  optimized  for  maximum  BOL  and  EOL  performance  that  is 
equal  to  or  better  than  conventional  Gao.49Ino.51P/Ga As  cells. 
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ABSTRACT 

Thermal  annealing  effects  on  carbon-hydrogen  (C-H)  complexes  defects  in  AlGaN  grown 
on  sapphire  by  metalorganic  chemical  vapor  deposition  (MOCVD)  technique  have  been 
investigated  using  Fourier  transform  infrared  spectroscopy  (FTIR),  The  CH  complexes  in 
AlGaN,  formed  either  during  growth  or  by  proton  irradiation,  exhibit  five  local  vibrational 
modes  (LVMs)  due  to  the  symmetric  and  asymmetric  vibrational  stretching  modes  of  C-H  in 
CH„  (n=l-3)  defect  complexes.  It  was  found  that  the  annealing  temperature  (Ta)  of  500“C  is 
sufficient  enough  to  dissociate  most  of  the  C-H  complexes  in  AlGaN  samples.  A  turning  point 
annealing  temperature  is  found  around  300°C  for  un-irradiated  Mg-doped  sample,  below  which 
the  total  integrated  area  of  the  C-H  LVMs  continued  to  increase  with  increasing  annealing 
temperature  and  reach  the  maximum  value  around  300‘’C.  At  Ta  >  300°C,  the  total  integrated  area 
of  the  C-H  LVMs  starts  to  decrease  and  the  C-H  complexes  seem  to  be  completely  depleted  at  Ta 
>  bOO^C.  The  depleted  C-H  LVMs  were  observed  to  partially  recover  after  thermal  annealing  at 
Ta  >  500®C  and  waiting  for  aging  periods  of  several  days.  This  recovery  behavior  is  explained  in 
terms  of  the  hydrogen  being  remained  inside  the  crystal  after  the  dissociation  of  C-H  complexes, 
subsequent  diffusion  and  recombining  again  with  carbon  atom  to  reform  C-H  complexes. 

INTRODUCTION 

Optoelectronic  devices  based  on  Ill-nitrides  and  their  ternary  alloys  have  a  broad  range  of 
application  due  to  their  wide  direct  band-gaps  covering  the  spectral  range  from  visible  to 
ultraviolet,  GaN  has  unique  applications  in  blue,  green  and  ultraviolet-blue  light-emitting  diodes, 
detectors  and  laser  diodes  [1-4].  Ill-nitride  material  system  also  shows  tremendous  potential  in 
the  field  of  high-temperature  and  high-power  electronics  because  of  their  superior  materials 
parameters  [5].  Omnipresent  impurities  such  as  carbon,  hydrogen  and  oxygen  play  detrimental 
and  beneficial  roles  in  fabrication  processes.  For  example,  hydrogen  can  passivate  the  acceptor 
Mg  [6-8]  in  GaN.  Hydrogen  can  be  easily  incorporated  into  Ill-nitride  during  or  after  the  growth 
of  the  materials  [8].  Ion  irradiation  represents  a  very  attractive  tool  for  several  technological 
steps,  such  as  electrical  and  optical  selective-area  doping,  dry  etching  and  electrical  isolation,  in 
Ill-nitride  based  devices’  fabrication.  Compare  to  the  understanding  of  ion  beam  process  in 
mature  semiconductors  (i.e.  Si  and  GaAs),  the  understanding  of  the  complex  ion  beam  process  in 
Ill-nitrides  is  still  at  its  infancy.  Therefore,  understanding  of  thermal  annealing  behavior  of 
complexes  defects  will  help  the  understanding  of  dopant  incorporation  and  application  of  ion 
implantation. 

In  this  paper,  we  report  on  some  results  of  thermal  annealing  behavior  of  C-H  complexes 
defects  formed  unintentionally  or  by  proton  irradiation  in  AlGaN.  The  evolutions  of  C-H  LVMs 


in  proton  irradiated  sample  as  a  function  of  thermal  annealing  and  the  aging  effect  of  the  sample 
annealed  at  >  500”C  are  presented. 

EXPERIMENT  DETAILS 

Furnace  rapid  thermal  annealing  was  performed  on  three  samples  to  investigate  the 
thermal  annealing  behavior  of  C-H  complexes  in  as-grown  and  proton  irradiated  AlGaN.  All  the 
samples  used  in  this  study  were  grown  on  sapphire  substrate  with  AIN  buffer  layer  using  the 
MOeVD  technique.  The  infrared  (IR)  absorption  measurements  were  performed  with  a 
BOMEM  Fourier-transform  spectrometer  (FTIR),  which  covers  the  spectral  range  of  450-4500 
cm' .  A  KBr  beamsplitter,  a  globar  light  source,  and  a  liquid-hclium-cooled  Si-B  detector  in 
conjunction  with  a  continuous  flow  cryostat  were  used.  A  special  sample  holder  was  constructed 
to  let  the  incident  light  from  the  spectrometer  reach  the  sample  at  the  Brewster’s  angle.  This 
configuration  proved  to  be  very  useful  to  avoid  the  interference  patterns  generated  from  the 

substrate  as  well  as  from  the  epitaxial  thin  film.  The  temperature  was  controlled  within  ±1.0K 
and  the  spectra  were  measured  at  both  300  K  and  77  K. 

The  three  samples  are  undoped  Al^.^GaiuN  sample  [denoted  as  (A)],  Si-doped 
AI,i.6Ga().4N  sample  [denoted  as  (B)]  and  Mg-doped  Al<).4Ga<i.6N  sample  [denoted  as  (C)].  Sample 
A  was  irradiated  with  IMeV  proton  and  doses  5.0x1 0*^cm  “.  All  these  samples  were  sandwiched 
between  two  boron  nitride  wafers  to  reduce  the  loss  of  nitride  and  ionization  and  heated  in  a 
continuous  flow  of  N2.  For  Mg-doped  Al(,.4Ga„.6N  sample,  [sample  (C)],  it  was  heated  at  a 
sequence  of  temperatures  from  100  to  900'’C  in  steps  of  50"C,  and  the  annealing  time  was  2 
minutes  at  Ta  <  700"C  and  15  minutes  at  Ta  >  750”C.  IR  absorbance  measurements  were  made 
just  after  each  annealing  treatment  on  sample  (C)  as  well  as  after  waiting  for  periods  of  several 
days  for  each  annealing  treatment.  This  procedure  allows  us  to  observe  the  variation  of  the  C-H 
LVM  intensities  and  the  aging  effect.  The  aging  effect  was  performed  at  each  annealing 
temperature  above  500”C. 

EXPERIMENTAL  RESULTS 

All  the  samples  tested  in  this  study  were  found  to  contain  five  IR  peaks  in  the  spectral 
range  of  2846  -2963cm  '.  Figure  1  shows  FTIR  spectrum  for  undoped  Alo.ftGa(MN  sample 
implanted  with  IMeV  proton  and  a  dose  of  lxl0"’cm'^.  This  spectrum  can  be  resolved  into  five 
peaks  at  2849,  2870,  2902,  2918  and  2960  cm  '.  Based  on  a  comparison  with  the  LVMs 
measurement  in  GaN  and  calculated  C-H  frequencies  in  a-Si|.xCx:  H  [9-12],  we  ascribe  these 
five  peaks  to  symmetric  and  asymmetric  stretching  modes  of  CH„  (n=l,2,3)  complexes  in 
AlGaN.  The  absorption  peak  at  2848  cm  '  is  attributed  to  a  stretching  mode  of  CH;  the  peaks  at 
2904  and  2916  cm'  are  attributed  to  a  symmetric  and  an  asymmetric  stretching  mode  of  CH2, 
respectively;  and  the  peaks  at  2870  and  2960  cm  '  are  attributed  to  symmetric  and  asymmetric 
stretching  mode  of  CH.v 

Figure  2  shows  IR  absorbance  spectra  of  sample  (A)  (spectrum  1)  and  sample  (B) 
(spectrum  2)  measured  before  (solid  line)  and  after  15  minutes  (dotted  line)  thermal  annealing  at 
500  C.  Thermal  annealing  behavior  of  LVMs  spectra  of  C-H  complexes  In  sample  (C)  is  shown 
in  Fig.  3  (a),  (b)  and  (c).  Fig.  3(a)  shows  the  LVMs  spectral  behavior  as  the  annealing 
temperature  is  changed.  Fig.  3(b)  shows  spectra  for  the  same  sample  annealed  at  higher 
temperatures.  These  spectra  were  measured  just  after  thermal  annealing  (dotted  spectra)  and 
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Figure  1.  Infrared  absorption  spectrum 
measured  at  77K  for  a  proton  irradiated 
Alo.6Gao.4N  sample.  The  IR  absorption 
peaks  are  resolved  into  five  peaks  at 
2848,  2870,  2904,  2916  and  2960  cm'^. 
The  solid  line  is  the  actual  spectrum 
while  the  dotted  lines  are  Guassians 
added  to  the  spectrum  for  clarification. 


several  days  after  thermal  annealing  was 
performed  (solid  spectra).  The  data 
labeled  (1)  in  Fig.  3  (c)  show  the  total 
integrated  areas  of  CH  LVMs  in  sample 
(C)  tested  just  after  each  annealing 
treatment.  While  the  data  for  the  integrated  areas  labeled  (2)  in  this  figure  were  obtained  after 
annealing  the  samples  and  waiting  for  periods  of  170  hours  or  higher  as  indicated  in  the  figure. 
The  data  labeled  (1)  in  Fig.  3(c)  clearly  show  an  increase  in  the  total  integrated  area  as  the 
annealing  temperature  is  increased  from  0  to  300°C.  As  Ta  is  increased  above  300°C,  the 
integrated  area  starts  to  decrease  and  essentially  vanished  at  Ta  above  600°C.  But  then  the  CH 
LVMs  seem  to  recover  after  waiting  for  a  period  of  170  hours  or  higher  as  indicated  in  the  data 
labeled  (2),  The  LVMs  spectra  of  sample  (C)  in  Fig.  3(b)  were  obtained  just  after  each  annealing 
(dotted  spectra)  and  after  waiting  for  a  period  of  several  days  (solid  spectra)  at  Ta  =  700  (spectra 
1),  800  (spectra  2)  and  900°C  (spectra  3).  It  is  obvious  that  a  partial  recovery  of  CH  LVMs 
occurs  when  the  samples  were  tested  one  week  after  thermal  annealing.  It  is  also  noted  that  the 
general  trend  is  that  the  total  integrated  areas  of  the  C-H  LVMs  is  decrease  as  the  annealing 
temperature  is  increased  above  300°C  for  both  before  and  after  the  aging  [see  Fig.  3(c)], 


Figure  2.  LVMs  spectra  measured 
before  annealing  (solid  line)  and  after 
15  minutes  annealing  at  500^ C  (dot 
line)  in  sample  (1),  (2)  are  shown. 
Sample  (1)  is  Si-doped  as-grown 
Alo.6Gao.4N.  Sample  (2)  is  un-doped 
Alo.6Gao.4N  with  IMeV  proton 
irradiation  at  the  dose  of  SxlO^^^cm'^. 
All  the  measurements  were  carried  out 
at  77K. 
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Figure  3.  (a)  LVMs  spectra  of  CH  complexes 
measured  at  77K  in  M^-doped  Alo  ^GunfJ^  sample 
measured  after  thermal  annealing  at  T^-300,  400, 
and  550"C.  (b)  The  same  as  (a)  hut  Ta=700,  850, 
and  900'‘C.  The  dotted  lines  represents  the  spectra 
measured  just  after  thermal  annealing  while  the 
solid  lines  represent  the  spectra  measured  several 
days  after  thermal  annealing,  (c)  Total  integrated 
areas  of  C-H  LVMs  measured  for  the  Mg-doped 
AhuOaiK^N  sample.  Data  labeled  (1)  were 
obtained  after  thermal  annealing  and  data  labeled 
(2)  were  obtained  .several  days  after  thermal 
annealing.  The  number  of  hours  in  the  graph 
represents  the  waiting  periods  used  to  measure 
the  spectra  after  thermal  annealing. 


To  illustrate  that  the  observed  LVMs  arc  due  to  C-H  complexes,  wc  cut  two  pieces  from 
an  Alo.2Gij<),KN  w-afer  and  one  piece  was  irradiated  with  1  MeV  protons  and  the  other  was 
irradiated  with  IMeV  electrons  (dose  =  )xlO’’cm‘“).  The  results  arc  shown  in  Fig.  4.  The  solid 
line  is  the  spectrum  obtained  from  the  samples  before  irradiation,  the  dashed  line  is  the  spectrum 
obtained  for  the  proton  irradiated  sample,  and  the  dotted  line  is  the  spectrum  obtained  from  the 
electron  irradiated  sample.  It  is  clear  that  proton  irradiation  increases  the  formation  of  C-H 
complexes  as  judged  by  the  large  increase  in  the  .stretching  mode  frequency  of  the  CH.,  complex. 
An  increase  of  the  stretching  mode  frequencies  for  CH2  and  CH  is  also  observed.  However,  the 
electron  irradiated  sample  shows  a  noticeable  decrease  in  the  CH.,  stretching  mode.  This  clearly 
demonstrates  that  electron  irradiation  break  up  the  CH.,  complex  in  good  agreement  with  others 
[13,14j.  There  is  an  increase  of  the  CH?  and  CH  concentrations  in  the  electron  irradiated  sample 
as  seen  from  the  increase  in  the  area  under  the  LVMs  stretching  modes.  This  is  most  likely  due 
to  the  fact  that  CH,  is  decomposed  into  C,  H,  CH,  and  CHi.  This  behavior  is  observed  in  several 
samples.  Additionally,  Hall  effect  measurements  show  a  slight  increase  in  the  carrier 
concentration  in  the  electron  irradiation  .samples.  This  docs  not  seems  to  be  universal  since  a 
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Figure  4.  Local  vibrational  modes  spectra 
measured  for  two  samples  cut  from  the  same 
AlojGadsN  wafer.  The  solid  line  is  the 
spectrum  obtained  for  both  samples  before 
irradiation,  the  dashed  line  represents  the 
spectrum  obtained  for  the  proton  irradiated 
sample  (dose=6xl0^^cm'^ ),  and  the  dotted 
line  represent  the  spectrum  obtained  for  the 
electron  irradiated  (dose~lxl0^^cm'^) 
sample. 


few  samples  show  a  slight  decrease  in  the  carrier  concentration  after  electron  irradiation.  Figure 
3  (a)  and  (b)  show  the  thermal  annealing  effect  on  C-H  LVMs.  The  asymmetrical  stretching 
mode  of  CH3  is  affected  dramatically  by  thermal  annealing  as  compared  to  other  stretching 
modes  of  CH2  and  CH.  This  means  that  CH3  is  thermally  unstable.  It  is  observed  from  Fig.  3  (c) 
that  the  LVMs  integrated  area  of  C-H  complexes  in  Mg-doped  sample  is  increased  with 
increasing  annealing  temperature  and  it  reaches  a  maximum  value  after  annealing  the  sample  at 
300  °C.  This  proves  that  C-H  complexes  in  AlGaN  are  stable  below  300  °C.  Thermal  annealing 
at  Ta  <  300  T  seems  to  help  the  formation  of  C-H.  The  C-H  LVM  intensities  decrease  after 
thermal  annealing  treatment  at  Ta  >  300”C  due  to  the  dissociation  of  C-H  complexes.  After  the 
thermal  dissociation  of  C-H  complexes,  H  either  lose  an  electron  and  becomes  H^,  which  could 
have  a  higher  probability  of  recombining  with  C  and  reforming  the  passivated  complexes,  or  it 
captures  a  second  electron  to  form  H'.  This  of  course  will  not  recombine  with  C',  and  it  is  likely 
to  migrate  further  away  due  to  Coulomb  repulsion  and  could  eventually  form  either  a  molecule 
by  combining  with  an  H^  or  a  larger  H  cluster  or  aggregate.  C-H  complexes  seem  to  be 
completely  depleted  at  Ta  >  600°C. 

CONCLUSION 

We  presented  the  local  vibrational  modes  spectra  of  C-H  complexes  in  annealed  AlGaN 
grown  by  MOCVD  technique.  Thermal  annealing  at  temperature  around  500”C  is  sufficient 
enough  to  dissociate  most  of  the  C-H  complexes  in  AlGaN  thin  film.  However,  a  partial 
recovery  of  the  CH  LVMs  is  observed  in  thermally  annealed  samples  at  Ta  >  500  °C.  This 
intriguing  behavior  is  explained  in  terms  of  C-H  recombination,  which  strongly  suggests  that  H 
atoms  remain  trapped  in  the  sample  even  after  C-H  decomposition.  However,  the  integrated 
areas  of  the  C-H  LVMs  are  decreased  after  thermal  annealing  and  aging  as  the  annealing 
temperature  is  increased.  While  proton  irradiation  cause  a  drastic  increase  in  the  CH3  LVM, 
electron  irradiation  cause  the  opposite  effect  suggesting  strongly  that  the  observed  LVMs  are 
truly  due  to  CH  complexes. 
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ABSTRACT 

Solar  cells  made  of  multiple  absorbers  are  a  commonly  used  approach  for  improving 
efficiency  due  to  their  extended  range  of  spectral  sensitivity.  Indeed,  efficiencies  nearing  the 
theoretical  maximum  have  been  achieved  with  a  triple-junction  device  made  of  Ino.5iGao,49P 
(InGaP2),  GaAs,  and  Ge  solar  cells  connected  in  series.  For  extraterrestrial  applications,  there  is 
the  added  requirement  of  radiation  tolerance.  The  main  challenge  for  space  power-generation  is 
therefore  the  development  of  highly  efficient  and  radiation-tolerant  devices.  We  have 
investigated  several  aspects  of  the  radiation  response  of  solar  cells  made  of  multiple  absorbers, 
such  as  multijunction  devices  and  quantum-well  solar  cells.  Novel  possibilities  such  as  quantum- 
dot  solar  cells  and  ordered-disordered  heterostmctures  are  proposed. 

INTRODUCTION 

Future  satellite  systems  are  projected  to  fly  in  orbit  in  or  near  the  proton  radiation  belts, 
which  extend  from  2,000  to  10,000  km  of  altitude  (MEO:  Medium-Earth  Orbit).  Radiation 
effects  can  be  very  severe  in  these  orbits,  and  high-efficiency  solar  cells  with  minimal 
degradation  under  cosmic  particle  bombardment  are  required. 

Recent  attempts  to  boost  efficiencies  are  based  on  extending  the  spectral  sensitivity  by  the 
use  of  multiple  absorbers.  Multijunction  solar  cells  hold  the  promise  of  increasing  the  maximum 
attainable  conversion  efficiency  well  above  the  Shockley  and  Queisser  (SQ)  limit  [1].  Indeed, 
the  maximum  practical  efficiency  for  a  solar  cell  (of  32.2%  at  1-sun,  AMI. 5)  has  been  achieved 
with  a  triple-junction  device  made  of  In(),5iGa(),49P  (InGaP2),  GaAs,  and  Ge  solar  cells  connected 
in  series.  Quadruple -junction  devices  are  being  developed,  and  the  search  for  1-eV  absorbers  to 
add  a  junction  to  the  InGaP/GaAs/Ge  cell  is  being  conducted  at  NREL  [2]. 

Other  efforts  have  been  made  to  improve  solar  cell  efficiencies  by  the  use  of  quantum  wells 
as  an  intermediate  level  that  absorbs  additional  lower-energy  photons  [3].  One  question  is 
whether  quantum-well  solar  cells  have  their  efficiency  restricted  by  the  SQ  limit.  Quantum-well 
solar  cells  have  the  potential  to  increase  the  maximum  attainable  conversion  efficiency  above  the 
limit  of  conventional  solar  cells  by  extracting  hot  carriers  to  produce  either  higher  photovoltages 
or  photocurrents.  However,  if  phonon-assisted  relaxation  of  hot  carriers  is  not  prevented,  a 
quantum-well  solar  cell  ideally  behaves  as  a  single-junction  solar  cell. 

The  use  of  these  advanced  devices  for  space  power-generation  is  limited  by  their  radiation 
resistance.  We  have  investigated  several  aspects  of  the  radiation  response  of  these  solar  cells  by 
beam  injection  methods.  In  multijunction  devices,  some  of  the  critical  issues  are  the  occurrence 
of  a  radiation-induced  sublattice  order-disorder  transition  in  InGaP2  [4],  interconnecting 
junctions,  type  conversion  under  irradiation,  and  buffer-layer  engineering  when  needed.  In 
quantum- well  solar  cells,  some  of  the  matters  to  address  are  interdiffusion  between  the  wells  and 
the  barriers  and  how  carrier  excess  transport  is  influenced  by  irradiation. 
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We  critically  review  these  solar  cells  and  explore  novel  schemes  for  high  efficiency  solar 
cells  with  improved  radiation  resistance. 

MULTUUNCTION  SOLAR  CELLS 


Monolithic  multijunction  (MJ)  solar  cells  consist  of  several  single  cells  of  different  spectral 
sensitivity  connected  in  series.  Under  irradiation  with  high-energy  electrons  and  protons,  as 
occurs  in  space,  all  junctions  are  degraded  simultaneously.  The  most  vulnerable  junction 
determines  the  radiation  response  of  the  entire  cell  because  the  individual  cells  are  series 
connected.  For  the  lattice-matched  InGaP2/GaAs  tandem,  InGaP2  has  shown  much  higher 
radiation  tolerance  than  GaAs;  therefore,  the  radiation  response  of  the  tandem  is  limited  by  the 
radiation  response  of  the  GaAs  sub-junction  cell.  At  end  of  life,  the  effects  of  subsequent 
irradiation  might  nullify  the  higher  power  density  gained  from  the  tandem.  Because  the  design 
of  the  multijunction  devices  requires  matching  the  current  density  of  each  individual  solar  cell  to 
the  solar  spectra  irradiance,  this  requirement  should  be  satisfied  throughout  the  life  of  the  solar 
cell  in  space.  Therefore,  damage  coefficients  under  electron  and  proton  irradiation  for  each 
individual  cell  .should  be  matched  as  closely  as  possible  for  their  use  in  .space.  In  light  of  this,  we 
have  investigated  possibilities  other  than  the  conventional  InGaPi/GaAs. 


Figure  I.  Cros.s-sectional  EBIC  images  of  the  mismatched  tandem  cell  (In„,^,Ga„3j;P/In„  i^Ga^^^^As  ) 
at  different  di.splacement  damage  doses,  D 


Non-lattice-matched  multiiunction  solar  cells 

The  high-efficiency,  commercially  available  leading  technologies  are  the  dual-junction 
InGaPi/GaAs  and  triple-junction  InGaP2/GaAs/Gc  solar  cells.  The  challenge  of  these 
technologies  is  to  lattice  match  the  different  semiconductors  at  their  interfaces  to  prevent  the 
generation  of  threading  dislocations.  However,  InGaPi  and  GaAs  are  not  the  optimum 
.semiconductors  for  the  solar  spectrum  in  .space  (AMO).  This  tandem  has  no  degree  of  freedom  to 
suit  the  spectral  irradiance,  whereas  this  is  not  the  case  for  and  IuyGui.^As,  where  the 

indium  content  might  be  optimized  for  spectral  sensitivity.  Buffer  engineering  .should  then  be 
applied  to  accommodate  the  lattice  mismatch.  Several  dual-junction  (DJ)  cells  have  been 
investigated.  One  of  them  is  the  conventional  DJ  InGaPi/GaAs  of  n-p  polarity  commercialized 
by  Spectrolab.  To  explore  other  systems,  In„.49Gii<,.siP/Ino.n3Gao.97As  (nearly  lattice-matched)  and 
In(i.65Ga<).35P/Ir><),i7Ga<).K3As  (lattice  mismatched)  DJ  devices  of  n-p  polarity  were  fabricated  on 


GaAs  substrates  by  metal-organic  vapor-phase  epitaxy  (MOVPE)  [5].  Linearly  graded  buffer 
layers  of  InGaAs  have  been  used  here,  which  is  a  better  approach  to  progressively  relax  the 
strain  [6,7]  over  step-graded  or  single  layers.  In  this  way,  InGaAs  epilayers  of  high  quality  have 
been  achieved.  Testing  their  radiation  response  is  of  interest  for  their  use  in  space.  The  devices 
were  irradiated  with  protons  in  the  MeV  energy  range. 

Figure  1  shows  cross-sectional  electron-beam-induced-current  (EBIC)  images  of  the 
mismatched  tandem  cell  at  different  displacement  damage  doses,  A/  [8].  Before  irradiation,  the 
subcells  are  not  resolved  due  to  the  diffusion  length  at  the  base  of  the  top  cell  being  much  longer 
than  the  base  thickness.  After  irradiation,  by  the  degradation  of  the  diffusion  length,  both  the  top 
and  bottom  junctions  are  finally  resolved.  From  these  images,  it  is  apparent  that  the  bottom  cell 
is  more  susceptible  to  irradiation  than  the  top  cell.  Diffusion  lengths  (L)  are  subsequently 
estimated  by  EBIC,  and  the  diffusion-length  damage  coefficient,  Kl  (g  cm'^  MeV^)  is  evaluated 
from  fits  to  the  diffusion-length  degradation  equation  [9]: 


1 

L'(Dd) 


T  +  » 


(1) 


where  Lo  is  the  diffusion  length  prior  to  irradiation.  The  values  thus  determined  for  Kl  for  the 
various  semiconductor  materials  studied  are  given  in  Table  I. 


Depth  (pm) 

Figure  2.  CL  intensity  measured  as  a  function  of  depth  into  the  In^^^Ga^jg,?/ 

In^^  (j3Ga()  g^As  cell  at  different  damage  doses  (in  MeVg'^). 

Panchromatic  cathodoluminescence  (CL)  measured  on  cross-sections  allows  the  emission 
from  each  individual  junction  to  be  resolved,  as  shown  in  Figure  2.  The  positive  peaks  in  the 
data  occur  at  the  location  of  each  junction.  For  the  post-irradiation  data,  the  large  negative  peaks 
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occurring  deep  into  the  sample  are  a  result  of  the  heavy  damage  produced  when  the  incident 
protons  slow-down  and  stop  in  the  material.  Thus,  the  location  of  the  negative  peaks 
corresponds  to  the  range  of  the  incident  protons.  The  intensity  of  the  CL  is  progressively 
degraded  under  proton  bombardment  as  a  result  of  lifetime  degradation,  as  expressed  by 


I  _  1  (2) 

I(.  1  +  'c„k,D,  ’ 


where  to  and  lo  are  the  minority-carrier  lifetime  and  the  emitted  intensity  prior  to  irradiation, 
respectively,  and  Kt  (g  s  *  MeV  *)  is  the  lifetime  damage  coefficient.  The  fits  from  equations  1 
and  2  yield  the  damage  coefficients  for  L  and  t  for  each  semiconductor,  as  detailed  in  Table  I. 

Table  I.  Diffusion-length  and  lifetime  damage  coefficients  under  proton  irradiation  for  different 
semiconductors.  ?  Lower  limit  for  the  diffusion  length. 


Inoft^Gud  \5p 

InGaP, 

In(>49Ga<)  5iP 

GaAs 

Ino.oiGao,q7As 

Irin.nGaoioAs 

Carrier  density  (cm  ’) 

/j-type, 

1.5  X  10'^ 

/f-lype, 

1.5  X  10'" 

p-type, 

1.5  X  10” 

p-type, 

8x  10'" 

p-type, 

1.5  X  10'^ 

p-type, 

1.5  X  10'^ 

L.  (Mm) 

1 .40* 

0.30 

TsiP 

2..50 

2.05 

1.89 

Ki.(g  cm  '  MeV') 

5x  1()-" 

1  X  !()■"’ 

7x  KV" 

8x  10'' 

1  X  10"’ 

3x  1()-" 

ToKt(g  MeV) 

fix  10' ' 

1  X  10'’ 

5x  lO'- 

5x  10" 

4x  10" 

fix  10" 

The  Kl  damage  coefficient  is  particularly  useful  in  describing  the  radiation  response,  but  this 
parameter  is  known  to  be  sensitive  to  polarity,  carrier  density,  and  Lo,  making  a  detailed 
comparison  amongst  the  .samples  based  on  this  parameter  difficult.  Furthermore,  because  the  top 
cells  are  relatively  thin,  they  are  nearly  insensitive  to  diffusion  length  degradation.  The  lifetime 
damage  coefficient,  XoKt,  on  the  other  hand,  is  not  as  sensitive  to  these  other  parameters,  so  it 
provides  a  better  means  for  comparing  radiation  tolerance.  loK^  falls  into  the  lO  '^  g  MeV  '  range 
for  hi^Gaf-.xP  and  is  approximately  5  x  10  g  MeV  *  for  lHyOai.^As,  suggesting  greater  radiation 
resistance  in  the  In^Gcii  xP  material.  Also,  the  data  suggest  that  the  addition  of  indium  to  In^Gai. 
xP  improves  the  radiation  response  while  the  opposite  is  true  for  fn^Goj-As. 

Figure  3a  shows  the  low-temperature  CL  spectra  of  In„,4yGa,).fiiP  measured  at  different 
damage  doses.  Prior  to  irradiation,  the  spectra  are  characterized  by  the  band-to-band  emission 
(e,h)  at  1.913  ±  0.002  eV  and  a  free-to-band  transition  associated  with  Zn  acceptors  (e,  Zn*’). 
After  doses  as  high  as  5xl0'^'  MeV  g  ’,  there  are  no  evident  effects  on  the  spectra.  However,  at 
1x10  MeV  g  ,  the  band-to-band  emission  peak  shifts  toward  higher  photon  energies,  and  the 
recombination  path  related  to  Zn  is  progressively  deactivated.  The  former  effect  has  been 
successfully  explained  by  an  order-disorder  transition,  as  we  will  discuss  later.  The  role  of  Zn 
impurities  has  been  previously  investigated  in  InP  flO],  and  a  defect  complex  involving  Zn  after 
irradiation  has  been  suggested.  These  results  suggest  that  there  may  be  a  similar  effect  in  InGaP. 

The  effects  of  proton  irradiation  on  the  CL  spectra  of  In„.65Ga<).35P  are  shown  in  Figure  3b. 
Prior  to  irradiation,  the  In().65Ga<i.35P  emission  is  centered  at  1.728  eV.  After  moderate 
irradiation,  the  emission  slightly  shifts  to  lower  photon  energies,  although  the  overall 
luminescence  is  not  much  degraded.  Note  that  this  .semiconductor  has  shown  a  lifetime 
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degradation  coefficient  as  low  as  6  x  g  MeV'\  Increasing  the  dose  does  not  cause  the 
emission  to  shift  further,  but  the  intensity  is  degraded.  There  is  no  evidence  of  shifting  in  the 
room-temperature  spectra  (not  shown). 

To  fully  interpret  these  results,  a  more  extensive  investigation  needs  to  be  conducted.  It  is 
believed  that  compositional  modulation  might  be  responsible  for  this  effect.  The  higher  the  In 
content,  the  better  the  radiation  resistance.  Degradation  is  then  primarily  located  in  the  gallium- 
rich  regions  of  wider  bandgap.  Hence,  after  irradiation,  the  main  emission  of  photons  is  from  the 
indium-rich  regions  and  the  overall  intensity  shifts  to  lower  energies.  The  effect  is  not 
observable  at  room  temperature,  as  diffusion  lengths  are  longer  than  the  range  of  compositional 
modulation. 


Figure  3.  CL  spectra  measured  at  different  damage  doses  (in  MeVg-')  for  the 
Inpaj^f  alloys  (a)  In^^yGao  ^P,  and  (b)  Ino^^Gao^^P. 

The  role  of  dislocations 


Local  observations  by  EBIC  or  CL  indicate  that  dislocations  act  as  efficient  carrier 
recombination  centers,  representing  a  loss  mechanism  for  photovoltaic  conversion.  For  space 
solar  cells,  the  question  arises  of  how  irradiation  influences  the  electrical  activity  of  dislocations. 
We  have  recently  developed  an  EBIC  method  for  defect  recognition  in  each  individual  sub-cell 
of  multijunction  solar  cells  using  filtered  external  illumination  [11].  By  means  of  this  light¬ 
biasing  EBIC,  misfit  dislocations  are  seen  at  the  bottom  cell  of  the  Ino.65Gao.35P/In<).i7Gao.83As 
tandem  (Figure  4a),  as  well  as  dislocations  threading  through  the  top  cell  (Figure  4b),  Under 
proton  irradiation,  the  EBIC  contrast  of  the  misfit  dislocations  located  at  the  bottom  cell 
decreases,  and  the  contrast  for  threading  dislocations  crossing  the  Ino.65Gao.35P  eventually 
vanishes. 

In  modeling  the  EBIC  contrast,  dislocations  are  assumed  to  be  regions  of  a  recombination 
lifetime,  Td,  different  from  that  in  the  surrounding  region,  x  [12].  The  mechanism  governing  the 
recombination  at  the  defect  site  is  not  considered.  Lifetimes  are  related  to  diffusion  lengths 
through  the  diffusion  coefficient  D  =  Ld^/  Xd  =  lV  x.  The  EBIC  contrast  is  then  defined  by: 
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c  =  rxF(L,Zi3,EJ,  (3) 

with  r  being  the  defect  recombination  activity  and  F  a  correction  factor  that  groups  geometric 
factors  such  as  the  depth  of  the  defect  zd.  the  spatial  distribution  of  the  electron  beam  excitation, 
and  the  diffusion  length  L  of  the  surrounding  region.  Therefore,  measured  contrast  must  be 
corrected  by  F  to  yield  the  defect  recombination  activity  F.  In  a  first-order  approximation  [12], 
r  is  given  by: 

D 

where  ro  is  the  effective  radius  of  the  defect.  Thus,  the  reduction  of  the  contrast  under  irradiation 
might  be  due  to  degradation  of  the  diffusion  length  in  the  region  surrounding  the  dislocation, 
instead  of  differences  in  the  defect  recombination  activity.  By  simulation  of  the  induced 
currents,  we  have  confirmed  that  indeed  irradiation  decreases  the  recombination  activity  of 
dislocations. 


Figure  4.  Defect  imaging  by  EBIC:  (a)  misfit  dislocations  at  the  bottom  cell,  and 
(b)  di.slocations  threading  through  the  top  cell  of  the  lattice- 
mismatched  In^Ga f  ^Plln^fjOi  ^As  .structure. 


592 


Dislocations  are  one-dimensional  disruptions  of  the  lattice,  which  may  be  described  in  III-Vs 
by  one-dimensionally  distributed  deep-levels  and  a  space-charge  region  surrounding  them. 
Defects  induced  by  irradiation  might  either  affect  the  density  of  active  defect  states  at  the 
dislocation  or  influence  the  surrounding  space-charge  region  by  carrier  traps  in  the  host 
semiconductor.  Radiation  effects  on  dislocations  are  considerably  more  in  JrixGai.xP  than  in 
IfiyGaj-yAs. 

Interconnectino  junctions 

Multijunction  cell  operation  is  allowed  by  interconnecting  tunnel  junctions,  which  are  on  the 
order  of  tens  of  nanometers  in  thickness.  These  nano-junctions  connect  the  individual  cells  in 
series  while  minimizing  absorption  losses.  High-energy  electron  and  proton  irradiations  have  a 
negligible  impact  on  their  characteristics  due  to  their  nanoscale.  However,  tunnel  junctions  are 
very  sensitive  to  nuclear  radiation.  The  highly  energetic  thermal  pulse  accompanying  nuclear 
radiation  boosts  interdiffusion,  which  is  very  severe  for  the  tunnel  junction.  The  strength  of 
nanoscale  junctions  under  high-energy  particle  irradiation  is  the  weakness  under  nuclear 
radiation. 

Radiation-induced  order-disorder  transition  in  InGaP 

MOVPE-grown  InGaPa  is  known  for  the  predisposition  of  In  and  Ga  to  order  on  the  group  III 
sublattice  along  the  <11 1>  direction.  This  phenomenon  is  driven  by  the  reconstruction  of  the 
surface  and  step  motion  during  the  MOVPE  growth,  depending  both  on  the  orientation  of  the 
substrate  [13]  and  on  growth  parameters  such  as  temperature,  V/IH  ratio  [14,15],  and  growth  rate 
[16].  The  most  attractive  effect  associated  with  ordering  in  InGaP2  is  the  predicted  decrease  of 
260  meV  in  the  band-to-band  transition  [17].  Therefore,  ordering  effects  might  be  used  to 
modulate  the  absorption  limit  by  modifying  the  growth  parameters,  without  introducing  any 
lattice  mismatch.  By  exploiting  this  behavior,  the  spectral  response  of  the  InGaPi  top  cell,  and 
thus,  the  multijunction  cell  output,  could  possibly  be  optimized.  The  radiation  response  of  the 
ordered  InGaPz  semiconductor  is  thus  of  great  interest. 

Figure  5a  is  a  monochromatic  CL  image  showing  the  ordered  domains  in  the  InGaP2  along  the 
[110]  direction.  Darker  areas  are  possibly  associated  with  antiphase  boundaries  (APBs).  The  CL 
spectra  are  shown  in  Figure  5b.  Ao  is  the  spectrum  excited  on  ordered  InGaP2  (o-InGaP)  prior  to 
irradiation.  After  doses  as  high  as  lO"  MeV  g  ’,  there  is  little  effect  on  the  spectrum  (Ai). 
However,  in  partially  ordered  InGaP2  (see  spectrum  Bo)  the  subsequent  irradiation  (spectrum  Bi, 
Dd  ~  10^'  MeV  g'^)  disorders  the  structure.  We  have  finally  confirmed  the  occurrence  of  a 
radiation- induced  order-disorder  transition  in  InGaP2  by  combining  CL  measurements  and 
transmission  electron  microscopy  observations  [4]. 

Estimates  of  the  lifetime  damage  coefficient  under  proton  irradiation  lead  to  10'  gMeV  and 
10'*^  gMeV*  for  disordered  and  ordered  InGaP,  respectively.  Therefore,  ordered  structures  seem 
to  be  even  more  radiation  tolerant  than  partially  ordered  or  disordered  ones.  A  first  attempt  to 
explain  these  results  is  from  the  coordination  of  phosphorous  in  ordered  and  disordered  InGaP. 
Within  ordered  domains,  P  is  coordinated  to  either  InGas  or  In3Ga.  Disordering  the  structure,  we 
find  additionally  P  coordinated  to  In4,  In2Ga2,  and  Ga4.  Displacement  of  indium  by  irradiation 
should  be  preferential  due  to  the  mutual  relationship  between  the  energy  of  the  In-P  and  Ga-P 
bonds.  The  displacement  of  an  In  atom  in  an  In2Ga2  environment  leads  to  InGa2'  that  is  more 
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electronegative  and  thus  less  stable  than  IiiiGa  from  InjGa.  A  statistical  approach  shows  then 
that  the  higher  the  degree  of  ordering,  the  lower  is  the  density  of  vacancies  produced  after 
irradiation. 


Figure  5.  (a)  Monochromatic  CL  image  showing  ordered  domains  in  InGaP,.  (b)  CL  spectra  of 
InGaP;,  for  ordered  InGaP  (A)  and  partially  ordered  InGaP  (B),  before  and  after  irradiation 
(0  and  1  subscripts,  respectively). 


Summary  and  novel  schemes 

The  radiation  response  of  a  multijunction  device  is  determined  by  the  response  of  the  most 
vulnerable  individual  sub-cell.  The  use  of  InGaPVGaAs  cells  in  severe  radiation  environments  is 
thereby  limited  by  GaAs  sub-cell.  However,  a  mullijunction  device  consisting  of  highly  ordered 
InGaPz  as  a  top  cell  and  a  disordered  semiconductor  as  a  bottom  cell  (OD  InGaP2)  may  increase 
the  efficiency  above  single-junction  InGaP2  devices,  avoid  lattice  mismatch,  and  have  a  much 
improved  radiation  resistance  than  current  InGaPz/GaAs  technologies.  In  a  first  estimate  from 
the  damage  coefficients,  the  same  degradation  of  the  output  after  one  year  of  .service  of  a 
InGaP2/GaAs  cell  would  be  reached  by  the  order-disordered  hcterostructurc  in  as  much  as  10  to 
100  years.  The  selection  between  InGap2/GaAs  or  OD  InGap2  would  be  driven  by  the  expected 
dose  of  radiation  and  the  requirements  of  power  density  through  the  lifetime  of  the  solar  panel. 
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QUANTUM-WELL  SOLAR  CELLS 


Another  advanced  solar  cell  made  of  multiple  absorbers  is  based  on  quantum  wells. 
Quantum-well  solar  cells  show  extended  spectral  sensitivity  by  absorption  of  lower-energy 
photons.  However,  these  cells  are  predicted  to  have  the  same  ideal  efficiencies  as  the  single¬ 
junction  solar  cell  in  the  unity  quantum-efficiency  limit.  Hot  carriers  must  be  extracted  to 
produce  either  higher  photovoltages  or  photocurrents.  Higher  photovoltages  require  carriers  to 
be  extracted  before  thermalization,  whereas  enhanced  photocurrents  are  associated  with 
production  of  additional  carriers  by  impact  ionization.  In  both  approaches,  hot-carrier  relaxation 
rates  should  be  considerably  reduced,  making  the  other  processes  competitive  with 
thermalization.  Quantization  effects  may  dramatically  reduce  hot-carrier  relaxation  and, 
therefore,  quantum  wells  might  have  the  potential  to  increase  the  maximum  conversion 
efficiency  predicted  by  Shockley  and  Queisser.  We  have  investigated  the  carrier  excess 
dynamics  and  the  effects  of  irradiation  in  quantum-well  solar  cells  by  beam  injection  techniques. 
These  cells  are  InP  single-junctions,  in  which  a  ten-period,  strained  InAs^P iJlnP  multiple 
quantum  well  is  incorporated  between  the  emitter  and  the  base. 

Carrier  excess  dynamics  in  quantum-well  solar  cells 

Improved  efficiencies  are  anticipated  by  exploiting  the  increase  of  short-circuit  current 
densities  provided  by  incorporating  quantum  wells  in  the  depletion  region  of  a  single-junction 
cell.  Unfortunately,  an  increase  in  efficiency  is  frequently  not  achieved  because  of  significant 
degradation  in  the  open-circuit  voltage  (Voc),  as  a  result  of  carrier  relaxation  in  quantum  wells. 
It  has  been  shown  experimentally  that  a  threshold  built-in  electric  field  must  be  exceeded  for  an 
optimum  collection  of  carriers  [3].  Figure  6  shows  EBIC  scans  across  the  quantum  wells  for  one 
of  the  InAsxPi-x  UnP  cells,  which  is  representative  of  the  cells  investigated.  At  lower  excitation 
densities,  there  is  no  saturation  in  the  induced  current  at  the  quantum  well-region,  and  therefore, 
carrier  collection  is  not  optimized.  Saturation  is  attained  at  higher  excitation  levels  instead.  By 
modeling  the  measured  EBIC,  we  have  shown  that  the  main  loss  mechanism  for  non-optimized 
cells  within  the  intrinsic  region  is  carrier  capture  at  the  quantum  wells  [18].  Table  II  shows  the 
measured  Voc  for  the  InAsxPj-x  UnP  structures  of  different  well  widths  and  arsenic  contents,  as 
well  as  calculations  by  the  ideal  theory  of  Anderson,  in  the  unity  quantum-efficiency  limit  with 
radiative  recombination  [19].  For  shallow  quantum  wells,  which  show  optimum  collection, 
reasonable  agreement  is  observed.  For  the  cells  with  deeper  wells,  better  agreement  is  seen 
when  capture  lifetimes  (as  determined  by  EBIC)  are  taking  into  account. 

Table  11.  Measured  and  calculated  Voc  for  the  strained  InAsxPi-x  UnP  quantum  well  solar  cells. 
The  measurements  were  made  under  1  sun,  AMO  solar  spectrum. 


ID 

Well 

width  (A) 

Arsenic 

content 

Voc(V) 

exp. 

Voc(V) 
ideal  theo. 

Voc(V) 

w/capture  lifetimes 

Optimized  collection 

Ni 

18 

0.37 

0.73 

0.74 

yes 

N2 

12 

0.65 

0.71 

0.73 

yes 

N3 

12 

0.66 

0.70 

0.73 

yes 

N4 

31 

0.32 

0.61 

0.69 

0.64 

no 

N5 

20 

0.53 

0.61 

0.65 

0.60 

no 
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distance  to  the  base/MQW  interface  (|ini) 

Figure  6.  EBIC  scans  recorded  under  low  and  high  excitation  densities  for  the 
^  quantum-well  solar  cell  N4. 

The  effect  of  irradiation  on  the  operational  characteristics  of  quantum-well  solar  cells  can  be 
incorporated  into  the  ideal  theory  by  adding  the  contribution  of  the  radiation-induced  defects  to 
the  nonradiative  recombination  lifetime.  Diffusion  lengths  along  the  quantum  wells  were 
measured  using  the  mask  method  in  CL  [20]  before  and  after  proton  irradiation.  The  data  suggest 
that  solar  cells  with  deeper  quantum  wells  will  be  more  sensitive  to  irradiation,  although  lifetime 
degradation  coefficients  are  similar  for  the  InAs^Pt.,,  UnP  wells  studied.  Recombination  of 
carriers  through  nonradiative  transitions  increases  the  rate  of  carrier  capture  by  quantum  wells. 
Carrier  capture  is  detrimental  for  cell  performance  and  should  be  avoided.  The  use  of  these  solar 
cells  in  space  is  therefore  limited  by  the  relaxation  of  photogenerated  carriers  within  the  wells. 


Interdiffusion 


Energy  transferred  to  the  quantum  wells  under  proton  irradiation  might  result  in  interdiffusion 
by  displacing  As  from  the  wells  to  the  InP  barriers.  Indeed,  we  have  observed  a  systematic  shift 
of  the  quantum  well-emission  to  lower  photon  energies  (see  CL  spectra  in  Figure  6b),  suggesting 
interdiffusion  of  arsenic.  It  is  worth  noting  that  although  both  N1  and  N2  cells  (see  Table  11) 
were  designed  to  provide  nearly  identical  energy  states  in  the  wells,  the  well  thickness  and  As 
content  are  substantially  different.  Displacement  of  As  from  InAs^Pi.,,  requires  less  energy  than 
that  of  P,  and  interdiffusion  might  be  preferential  for  N2.  Indeed,  the  quantum-well  emission 
shifted  up  to  5  meV  and  15  meV  under  irradiation  for  N1  and  N2,  respectively.  For  thinner  wells 
such  as  N2,  wave  functions  are  expected  to  spread  further  into  the  barriers;  hence,  is  the  device 
rendered  more  sensitive  to  effects  in  the  barriers  and  at  the  quantum-well/banrier  interfaces. 
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Photon  energy  (eV) 

Figure  7.  Effect  of  proton  irradiation  on  the  quantum- well  luminescence  for  the  InAsJP j  JInP 
structures  N1  and  N2  (0  and  1  subscripts  correspond  to  before  and  after  irradiation,  respectively) , 


Summary  and  novel  schemes 

Quantum-well  solar  cells  are  predicted  to  increase  the  efficiency  of  solar  cells  by  using  hot 
carriers.  However,  a  major  factor  limiting  the  performance  of  these  cells  is  the  capture  of 
photogenerated  carriers.  Quantization  in  quantum  wells  is  restricted  to  the  confinement 
direction,  and  the  other  two  classical  dimensions  possibly  govern  the  relaxation  dynamics  of  the 
carrier  excess.  Indeed,  the  ideal  theory  for  quantum-well  solar  cells,  which  has  proven  to  be 
successful  in  explaining  their  behavior,  is  fundamentally  classical  in  nature.  Quantum  dots  are 
quantized  in  three  dimensions,  and  the  probability  of  reducing  the  loss  of  photocarriers  by 
recombination  in  the  dots  is  much  higher.  Electronic  minibands  formed  by  coupling  of  quantum 
dots  may  dramatically  increase  the  diffusion  of  carriers  across  the  absorber.  The  use  of  quantum 
dots  for  solar  energy  conversion  therefore  becomes  an  attractive  approach  to  be  explored  in  the 
future. 
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ABSTRACT 

Ion  implantation  induced  intermixing  of  GaAs/AlGaAs  and  InGaAs/AlGaAs  quantum 
wells  was  studied  using  low  temperature  photoluminescence.  Large  energy  shifts 
were  observed  with  proton  implantation  and  subsequent  rapid  thermal  annealing. 
Energy  shifts  were  found  to  be  linear  as  a  ftinction  of  dose  for  doses  as  high  as 
~5xl0'^  cm'^.  Proton  implantation  and  subsequent  rapid  thermal  annealing  was  used 
to  tune  the  emission  wavelength  of  InGaAs  quantum  well  lasers  as  well  as  detection 
wavelength  of  GaAs/AlGaAs  quantum  well  infrared  photodetectors  (QWIPs). 
Emission  wavelength  of  lasers  showed  blue  shift  whereas  detection  wavelength  of 
QWIPs  was  red  shifted  with  intermixing. 


INTRODUCTION 

Quantum  well  intermixing  has  drawn  considerable  attention  in  recent  years  for 
integration  of  optoelectronic  devices  [1-3].  Impurity  induced  disordering  (IID)  and 
impurity  free  vacancy  disordering  (IFVD)  have  been  widely  used  to  modify  the  shape 
of  the  quantum  wells,  in  turn  their  electrical  and  optical  properties  [4-7].  However,  in 
the  case  of  impurity  induced  disordering,  residual  impurities  are  detrimental  to  the 
performance  of  devices.  In  the  case  of  IFVD,  defects  are  produced  in  the  near  surface 
region  [8,9]  and  defect  diffusion  length  should  be  large  enough  to  reach  the  quantum 
wells  in  the  active  regions  of  devices  which  are  often  1-2  micron  deep.  Ion 
implantation  is  a  versatile  technique  and  allows  introduction  of  defects  in  selected 
regions  with  defect  distribution  peaking  in  the  region  of  interest  by  choosing 
appropriate  ion  energy,  dose  etc.  Recently,  ion  implantation  induced  intermixing  has 
been  used  to  tune  the  emission  wavelength  of  quantum  wells  and  to  enhance  light 
emission  from  V-groove  quantum  wires  [10-12]. 

In  this  paper,  we  review  the  issues  associated  with  implantation  induced  intermixing 
in  GaAs/AlGaAs  and  InGaAs/AlGaAs  quantum  wells  and  apply  this  technique  to  tune 
the  emission  wavelength  of  quantum  well  lasers.  Intermixing  has  also  been  used  to 
tune  the  detection  wavelength  of  quantum  well  infrared  photodetectors. 
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EXPERIMENTAL 


The  GaAs/AlGaAs,  InGaAs/GaAs  and  InGaAs/AlGaAs  quantum  well  structures  and 
InGaAs  quantum  well  laser  structures  used  in  this  study  were  grown  by  metal  organic 
vapor  phase  epitaxy  (MOVPE)  on  semi-insulating  and  n-i-GaAs  (100)  substrates, 
respectively.  Quantum  well  infrared  photodetector  structures  were  grown  by 
molecular  beam  epitaxy  on  semi-insulating  (100)  GaAs  substrates.  Proton  irradiation 
was  carried  out  at  room  temperature  using  40  keV  Protons  for  quantum  well 
structures,  220  keV  protons  for  laser  structures  and  900  keV  proton  for  QWIP 
structures.  Proton  energies  for  quantum  well  and  laser  structures  were  chosen  to 
locate  the  peak  of  the  defect  profile  closer  to  the  quantum  wells.  In  the  case  of 
QWIPs,  peak  of  the  damage  profile  is  located  in  the  substrate  and  tail  of  the  profile  is 
used  to  create  uniform  distribution  of  damage  in  the  quantum  well  region  consisting 
of  50  quantum  wells  doped  with  silicon.  Half  of  each  sample  was  masked  during 
irradiation  to  serve  as  a  reference  region  and  sample  was  tilted  T  off  the  beam  axis  to 
minimise  channeling  effect.  Rapid  thermal  annealing  was  carried  out  in  argon 
ambient  at  temperatures  in  the  range  of  900-950”C  for  periods  of  30-60  sec.  Low 
temperature  (12K)  photoluminescence  (PL)  was  performed  to  monitor  energy  shifts  in 
quantum  wells  due  to  interdiffusion  using  green  He-Ne  laser  (543.5  nm)  as  the 
excitation  source  and  the  luminescence  was  detected  with  a  silicon  CCD  through  a 
monochromator. 

RESULTS  AND  DISCUSSION 

GaAs/AIGaAs  Quantum  Wells 

A  four  quantum  well  stmeture  of  GaAs/AI  0.54  Ga  o.46  As  with  nominal  quantum  well 
thicknesses  of  1.4  nm,  2.3  nm,  4.0  nm  and  8.5  nm  was  implanted  with  40  keV  protons 
in  the  dose  range  of  IxlO’'*  to  5  xlO’*’  cm'^.  Samples  were  rapid  thermally  annealed  at 
900‘’C  for  60  sec.  Photoluminescence  measurements  showed  blue  shift  of  the 
emission  peak^for  doses  above  5x10’'’  cm  “.  Energy  shifts  were  linear  with  proton 
dose  to  5xl0'  cm"  for  all  the  quantum  wells.  Energy  shifts  as  large  as  200  meV 
were  obtained  without  significant  degradation  in  the  PL  intensity  (only  a  factor  of  two 
lower  in  intensity),  suggesting  that  proton  implantation  is  quite  effective  in  achieve 
quantum  well  intermixing.  Results  of  these  studies  [10,11]  were  used  to  design 
experiments  to  tune  detection  wavelength  of  GaAs/AIGaAs  QWIPs. 

InGaAs/AlGaAs  Quantum  Wells 

The  InGaAs/GaAs  and  InGaAs/AlGaAs  structures  consisted  of  two  quantum  wells  of 
5  nrn  thickness  with  Ino.isGao  gsAs  and  Ino.3oGao  7oAs  well  and  GaAs  and  Alo,2Ga{)  yAs 
barriers,  respectively.  Proton  irradiation  was  carried  out  at  room  temperature  using  40 
keV  protons.  Rapid  thermal  annealing  was  carried  out  in  argon  ambient  at  900'’C  for 
60  sec.  The  PL  spectra  from  InGaAs/GaAs  and  InGaAs/AlGaAs  samples  implanted 
at  doses  of  1x10*^  cm  "  and  5x10’'^  cm'^  are  shown  in  Fig.  1(a)  and  1(b),  respectively. 
It  can  be  seen  that  the  proton  irradiation  and  subsequent  rapid  thermal  annealing  led  to 
blue  shift  of  the  emission  wavelength  from  all  the  quantum  wells.  PL  intensity 
decreased  with  increase  in  ion  dose  in  InGaAs/GaAs  samples  indicating  that  the  non- 
radiative  recombination  centers  introduced  by  proton  implantation  are  not  removed  by 
RTA.  However,  PL  intensity  recovery  was  very  good  (>50%)  for  InGaAs/AlGaAs 
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quantum  wells  and  this  is  attributed  to  the  dynamic  annealing  of  defects  during  ion 
irradiation.  Previous  studies  proposed  that  the  presence  of  AlGaAs  offers  some 
protection  against  damage  accumulation  in  adjacent  GaAs  regions  due  to  the  strong 
dynamic  annealing  of  the  mobile  point  defects  generated  in  AlGaAs  [13,14]. 
Accordingly,  for  InGaAs  QW  sandwiched  between  AlGaAs  barrier  layers,  it  is 
possible  that  during  implantation  a  similar  process  might  occur.  This  together  with  the 
simultaneous  dynamic  annealing  in  the  AlGaAs  layers,  preventing  the  formation  of 
large  defect  clusters,  suggests  that  the  residual  defects  in  the  sample  would  be 
predominantly  point  defects.  These  point  defects  have  lower  thermal  stability  and  are 
annealed  much  more  easily  than  defect  clusters  (in  the  case  of  InGaAs/GaAs  QWs)  to 
promote  intermixing  and  hence  the  remarkable  recovery  of  the  PL  intensities  of  the 
InGaAs/ AlGaAs  samples. 


Fig.  1  Comparison  of  PL  spectra  for  InGaAs  QW  samples  with  GaAs  or  AlGaAs 
barriers  after  proton  implantation  with  doses  of  IxlO'^  cm'^,  5x10'*'  cm'^  and 
RTA  at  900°C,  60s.  The  peaks  from  the  Ino.i.sGao.gjAs  QWs  of  the  implanted 
InGaAs/GaAs  samples  are  multiplied  by  a  factor  of  5  in  order  to  make 
clearer  comparison. 
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Quantum  Well  Lasers 


A  standard  graded-index  separate  confinement  heterostructure  (GRINSCH)  laser  with 
active  region  consisting  of  7  nm  lno.2Gao.8As  quantum  well  sandwiched  by  12  nm 
Alo.2Gao,8As  barriers  was  grown  by  MOVPE.  Laser  structure  was  irradiated  with  220 
keV  protons  to  locate  the  damage  peak  nearer  to  the  quantum  well  region.  Half  of  the 
sample  was  masked  (for  reference)  and  the  other  half  was  irradiated  with  a  dose  of 
1x10  cm  "  and  the  whole  sample  was  annealed  at  900"C  for  30  sec.  After  RTA, 
these  samples,  together  with  as-grown  samples  were  fabricated  into  4  micron  stripe 
width  ridge  waveguide  lasers  by  optical  lithography.  Figure  2  shows  the  laser  spectra 
from  three  different  devices  (as-grown,  as-grown  and  annealed,  proton  implanted  and 
annealed)  at  1.5  hh  under  pulsed  conditions  using  2  microscc  pulses  of  5%  duty  cycle 
at  room  temperature.  Wavelength  shifts  of  30  nm  and  49  nm  (compared  with  as- 
grown  sample)  were  obtained  from  the  reference  annealed  sample  and  irradiated  and 
annealed  sample,  respectively. 


Fig.  2  Lasing  spectra  for  the  InGaAs/AlGaAs  lasers  before  and  after  H  implantation 
measured  at  room  temperature. 
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Current  (mA) 


Fig.  3  L-I  curves  for  the  InGaAs/AlGaAs  lasers  (length  of  ~  710  jim)  before  and 
after  H  implantation  measured  at  room  temperature. 


Figure  3  shows  L-I  curves  of  the  InGaAs/AlGaAs  lasers  measured  at  room 
temperature  before  and  after  H  implantation  and  annealing.  Though  threshold  current 
has  increased  in  implanted  and  annealed  samples,  slope  efficiency  is  similar  that  of 
the  as-grown  lasers  suggesting  that  the  laser  quality  is  not  significantly  degraded  due 
to  proton  implantation  and  annealing.  Increase  in  threshold  current  is  mainly  due  to 
the  presence  of  non-radiative  recombination  centers.  Further  optimisation  of 
implantation  and  annealing  conditions  could  lead  to  reduction  in  non-radiative 
recombination  centers.  This  suggests  that  the  ion  irradiation  induced  intermixing  is  a 
promising  technique  for  integration  of  lasers  operating  at  different  wavelengths  on  the 
same  chip. 


)uantum  Well  Infrared  Photodetectors. 


Proton  implantation  and  rapid  thermal  annealing  was  used  to  tune  the  detection 
wavelength  of  quantum  well  infrared  photodetectors.  The  structures  used  in  this  work 
were  n-type  GaAs/AlGaAs  bound  to  continuum  QWIPS  grown  by  molecular  beam 
epitaxy  on  semi-insulating  substrates.  The  structure  contained  50  quantum  wells 
sandwiched  between  2  um  top  and  1.3  um  bottom  contact  n-l--GaAs  layers.  The 
quantum  wells  were  nominally  4.5  nm  Si  doped  (~10'^  cm'^)  GaAs  with  50nm 
undoped  Alo.3Gao.7As  barriers.  In  order  to  obtain  homogeneous  intermixing  in  the 
quantum  well  region,  900  keV  protons  were  chosen  and  the  damage  peak  was  located 
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in  the  substrate  and  a  relatively  uniform  distribution  of  displacements  across  the 
quantum  well  region  was  achieved.  During  implantation,  part  of  the  sample  was 
masked  to  serve  as  a  reference  and  the  rest  of  the  sample  was  implanted  with  doses  in 
the  range  of  I-4xl0'^cm‘^  All  the  samples  were  rapid  thermally  annealed  at  950°C 
for  30sec  under  argon  ambient.  QWIPs  were  processed  into  250x250  um^  deviees 
using  standard  lithography  and  wet  etching.  A  6  micron  period  grating  was  etched  to 
allow  normal  incidence  operation. 

The  spectral  responses  from  all  the  samples  acquired  at  80K  using  Fourier  transform 
infrared  spectrometer  are  shown  in  Fig.  4.  The  peak  detection  wavelength  has  shifted 
from  6.8  microns  for  the  unimplanted  reference  sample  to  7,  7.3,  7.6  and  8.6  microns 
for  samples  implanted  with  doses  of  1,  2,  3,  4  xlO''^  cm  “,  respectively.  The  dark 
current  measurements  have  shown  that  the  dark  current  increased  by  one  to  two 
orders  of  magnitude  with  increase  in  ion  dose.  This  could  be  due  to  changes  in  the 
potential  profile  of  the  quantum  well  due  to  interdiffusion  as  well  as  due  to  the 
presence  of  residual  defects  which  enhance  tunneling  probability  of  electrons.  The 
contribution  of  residual  defects  to  dark  current  could  be  reduced  by  carrying  out 
multiple  implant-anneal  sequences  [15,16]. 


Fig.  4  Normalised  photoresponse  for  the  un-implanted  sample  and  samples  implanted  with 
the  doses  of  1,  2,  3, 4xl0'^  cm '  {from  left  to  right)  by  a  single  high  energy  measured 
at  80  K  under  the  bias  of  -6  V. 
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CONCLUSIONS 


Proton  implantation  and  rapid  thermal  annealing  was  used  to  create  interdiffusion  in 
GaAs/AlGaAs  quantum  wells  leading  to  blue  shift  in  the  emission  wavelength  of  the 
quantum  wells.  Blue  shift  in  the  emission  wavelength  of  InGaAs  quantum  well  lasers 
was  achieved  with  modest  degradation  in  device  performance.  In  the  case  of  quantum 
well  infrared  photodetectors,  a  red  shift  was  obtained.  In  summary,  suitability  of 
implantation  induced  interdiffusion  for  optoelectronic  device  integration  was 
demonstrated  by  fabricating  multi-wavelength  quantum  well  lasers  and  quantum  well 
infrared  photodetectors. 
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ABSTRACT 

The  results  of  an  experimental  research  of  the  dependence  of  photoluminescence  (PL) 
intensity  in  region  about  800  nm  for  silicon  nanoinclusions  (quantum  dots)  obtained  by  Si 
ion  implantation  in  Si02  on  the  dose  of  Si  ions  at  two  temperatures  of  an  annealing  Tam  = 
1000  and  1 100°  C  are  presented.  It  is  established  that  in  both  cases  the  dependences  have 
the  shape  of  the  curves  with  a  maximum.  For  1 100°  C  the  maximum  is  shifted  to  the  lower 
dose.  The  influence  of  an  additional  ion  doping  by  the  phosphorus  on  intensity  of  PL  is 
investigated  depending  on  the  dose  (concentration)  of  P  and  the  dose  of  the  silicon  at  Ta,^ 
=  1000"  C.  It  is  shown,  that  in  all  the  investigated  region  of  P  doses,  the  presence  of  P 
enhances  the  PL.  The  degree  of  the  enhancement  increases  with  the  P  dose,  but  the  rate  of 
the  intensity  enhancement  goes  down.  With  the  growth  of  Si  dose  at  the  constant  dose  of  P, 
the  degree  of  the  enhancement  decreases.  In  an  approximation  of  an  effective  mass,  the 
energy  spectra  of  a  quantum  dot  are  calculated  at  the  presence  of  one  or  several  P  atoms 
for  various  their  arrangement. 

INTRODUCTION 

The  system  of  silicon  nanoinclusions  (Nl)  in  Si02  (Si02:nc-Si)  attracts  the  great  attention 
in  connection  with  the  prospects  of  its  use  in  the  silicon  optoelectronics.  Ion  implantation 
is  one  of  the  most  common  methods  of  the  Si02:nc-Si  production  [1-5].  The  important 
parameter  is  the  intensity  of  the  photoluminescence  (IPL)  for  the  constant  intensity  of  the 
excitation.  This  is  especially  important  taking  into  account  a  small  thickness  of  nc-Si  layer 
for  ordinarily  ion  energies.  Generally,  IPL  depends  on  the  several  factors:  NIs  number, 
their  sizes,  the  availability  and  the  concentration  of  the  centers  of  a  nonradiative 
recombination.  These  factors  are  sensitive  to  the  conditions  of  the  ion  implantation  (ion 
energy  and  dose),  the  conditions  of  the  annealing  (temperature  and  time),  and  also  the 
presence  of  the  impurities.  In  [6,7]  was  shown  that  for  a  fixed  annealing  temperature  T^nn  = 
1000"  C  (the  annealing  time,  t^nn  =  2  hours),  IPL  can  be  adjusted  by  the  choice  of  a  dose. 
At  that,  the  sizes  of  NI  practically  do  not  vary,  and  their  density  grows.  The  IPL  growth 
proceeds  up  to  the  dose  for  which  the  NI  joining  begins  due  to  their  high  concentration. 
Also,  it  was  established  that  IPL  can  be  essentially  increased  by  the  additional  implantation 
of  phosphorus.  The  position  of  the  PL  peak  occurs  practically  independent  on  the 
phosphorus  doses.  In  the  report,  the  results  of  a  prolongation  of  these  investigations  are 
presented.  The  dependence  of  IPL  on  the  dose  of  silicon  was  taken  at  the  more  high 
temperature  of  an  annealing  -  1 100"  C.  The  influence  of  the  doping  by  P  was  investigated 
depending  on  Si  and  P  dose.  The  theoretical  research  of  the  influence  of  impurity  atoms 
contained  in  the  quantum  dots  (QD)  on  the  energy  spectra  and  on  the  energies  of  the 
radiative  interband  transitions  is  continued. 


607 


EXPERIMENTAL 


The  Si02  layers  with  the  thickness  of  300  -  600  nm  were  grown  up  on  the  silicon  in  a  “dry 
-  wet  -  dry”  cycle.  Ion  implantation  by  Si^  and  P*  was  provided  at  the  energy  of  ions  E  = 
150  keV  and  the  ion  current  densities  j  <  3  ^lA/crnl  The  postannealing  was  carried  out  in 
the  dry  nitrogen  atmosphere.  The  photoluminescence  (PL)  spectra  were  measured  at  the  Ar 
laser  excitation  (X  =  488  nm)  with  a  power  density  about  50  W/cml 

RESULTS  AND  DISCUSSION 

For  all  the  annealed  after  the  Si^  implantation  layers,  the  PL  spectra  with  a  maximum  close 
to  8(X)  nm  are  observed.  Such  spectrum  is  typical  for  Si  NIs  in  SiO^  (1-6].  In  Fig.  1,  the  IPL 
dependencies  on  the  Si  dose  at  the  T^nn  =  1000  and  1 100"  C  are  presented.  Earlier,  it  was 
shown  [7]  that  for  T^nn  =  1000"  C,  the  dependence  well  coincides  with  the  calculated  one. 
This  calculation  was  made  on  the  base  of  the  model  of  the  N1  accumulation  with  the  dose 


Fig.l .  The  silicon  dose  (Osi)  dependencies  of  PL  peak  intensity  at  two  annealing 
temperatures.  T;,„n:  I  ~  1000"  C,  2  -  1 100"  C. 

and  NI  joining  at  higher  doses.  It  is  evident  that  for  1 1(K)"  C  the  IPL  dependence  on  the 
dose  has  a  similar  shape  -  the  curve  with  the  maximum,  but  the  position  of  the  maximum 
is  shifted  to  the  lower  doses.  It  is  naturally  to  explain  by  the  fact  that  the  rate  of  NI 
nucleation  increases  with  the  annealing  temperature,  therefore  for  the  same  concentration 
of  the  excess  silicon  atoms,  the  NI  density  is  higher.  However,  the  model  used  earlier  for 
Tann  =  KXK)“  C  docs  not  allow  to  explain  quantitatively  the  IPL  dependence  on  the  dose  for 
Tann  =  1  KX)"  C.  Perhaps,  it  is  necessary  to  take  into  account  other  factors,  such  as  Ostwald 
rippening,  the  role  of  which  would  increase  with  T.^nn. 

In  Fig,2,  the  dependence  of  F  =  (the  ratio  of  IPL  for  Si02:nc-Si  additionally  doped  by 
phosphorus  and  those  versus  without  phosphorus  doping)  on  phosphorus  dose  is  shown. 


608 


0p,  (cm‘2) 


Fig. 2.  The  phosphorus  dose  (C>p)  dependence  of  F  =  Ip/Iwp  (the  ratio  of  IPL  for  Si02:nc-Si 
additionally  doped  by  phosphorus  and  those  versus  without  phosphorus  doping.  Osi  = 
MO'^cm'^  T„nn=  1000°C. 

With  growth  of  the  dose,  the  F  magnitude  increases.  In  [6,7],  the  model  is  suggested 
according  to  which  the  IPL  enhancement  at  the  phosphorus  doping  is  connected  with  the 
action  of  two  mechanisms:  the  passivation  of  the  disrupted  bonds  (hence,  the  decrease  of 
the  nonradiative  recombination  rate)  and  the  appearance  of  additional  electrons  in  the 
conductivity  band  of  QD.  In  our  case,  unlike  [5],  the  decrease  of  the  IPL  at  the  high  P 
concentration  is  not  observed. 

In  Fig.3,  the  F  dependence  on  the  Si  dose  at  the  constant  P  dose  is  presented.  The  decrease 
of  F  with  Si  dose  can  be  caused  by  the  reduction  of  P  atoms  number  contained  in  each  NI 
with  the  increase  of  the  amount  of  the  latter.  This  is  possible  if  a  redistribution  of  the 
phosphorus  between  Si02  and  NIs  during  the  annealing  takes  place. 


Osi  ,  (10^^  cm'^) 

Fig.3.  The  dependence  of  F  =  Ip/Iwp  (IPL  ratio)  on  the  Si  dose  (Osi).  Op  =  MO'^  cm  ^  T^nn  = 
1000°  C. 


609 


THEORETICAL  ACCOUNTS 

To  prove  theoretically  the  absence  of  the  essential  shifts  of  the  PL  peak  at  the  doping  by 
phosphorus,  the  calculations  of  the  electronic  energy  spectra  and  of  the  optical  gap  of  QD 
in  the  envelope  function  approximation  were  carried  out.  For  solving  the  problem  we  were 
made  the  following  assumptions:  1 )  the  quantum  dots  have  the  spherical  shape;  2)  the 
impurity  ions  create  a  field  of  a  hydrogen-like  type;  3)  spin-orbit  interaction  can  be 
neglected:  4)  the  silicon  quantum  dots  are  placed  in  a  dielectric  matrix. 

For  the  definition  of  energy  levels  we  must  solve  the  equation  for  the  envelope  functions 

Mnvf'v(r)=EF^(F).  (1) 

where  £  is  the  electron  energy  which  is  counted  off  the  top  of  the  valence  band,  and 

operator  represents  the  single-electron  Hamiltonian  which  was  written  in  a  k  ‘  p  - 

approximation.  Near  the  X-point  in  a  conduction  band  the  Hamiltonian  is  represented  by  a 
2x2  matrix: 


rf  1  1 


6  ynii  m, 

{m,  ■ 


+V 


^  mj  ^ 


-i — -k. 


hU  1  1 


Ha,+-  — 


6  rn, 


k^-dkn+V 


—  Ai^y  + 


is  the  isotropic  operator  with  the  electronic  effective  mass  =  SmitTl}  /(2mi  +  m,  ), 
where  and  are  the  "transverse”  and  "longitudinal"  mass  respectively.  These 
masses  equal  0.  and  0.927Iq.  Value  /Cq  =  0. 1  4  4*  27l/f?  is  determing  the 

distance  in  k  -space  between  X-point  and  the  nearest  minimum  of  the  energy  in  Brillouin 
zone,  a  =  0.54cnm  -  the  lattice  constant,  Ap^  =  1.2  1  TeV  is  the  difference  between 

the  energies  in  X-point  of  the  conduction  band  and  in  F-point  of  the  valence  band.  is 
the  operator  of  Coulomb  interaction  which  can  be  written  as 


Mejr-hi 


e.R  iiS  h  +il  +  iKi 


+(l  + 


610 


It  consists  of  two  part:  the  direct  Coulomb  interaction  between  electron  and  impurity  ions, 
and  the  interaction  between  electron  and  two  image  fields  -  of  ions  and  of  electron  itself. 

hj  is  the  radius-vector  of  the  impurity  ion  with  the  number  J  ,  parameters  8g  and  are 
the  dielectric  constants  of  silicon  and  dielectric  matrix,  R  is  the  dot  radius,  —  g  is  the 
electron  charge,  K  is  he  number  of  the  impurity  ions  and  Pj  {co^  j)  is  a  Legendre 
polynomial. 

Near  the  F-point  in  a  valence  band  the  Hamiltonian  is  represented  by  a  3x  Smatrix 

'Ho,+V,+Vc  -NfeA  ^ 

-Nk,ky  H^+V^+V,  -NkyK 

^  -Nk,k,  -Nk^K 


Here 


2m,,  ' 


^  L-M 
’  2mg  3 


and  m,,  is  the  hole  effective  mass  which  equals  3mQ/{L+2Al).  The  numbers  L, 
A4,  N  are  the  empirical  parameters  which  equal  6.8,  4.4S,  8.6 1  respectively  [8]. 
The  Hamiltonian  takes  into  account  the  real  silicon  band  structure  possessing  rather 

strong  anisotropy.  However,  in  spite  of  this,  the  anisotropy  of  the  dispersion  law  can  be 
described  by  means  of  a  perturbation  theory,  as  well  as  a  Coulomb  interaction  with 
impurity  ions. 

Solving  equation  (1)  we  find  the  several  lowest  energy  levels  in  the  conduction  band  and 
several  highest  energy  levels  in  the  valence  band  and  also  their  dependence  on  number  K 
for  different  types  of  an  impurity  distribution.  Then  the  change  of  the  optical  gap  A  due  to 
the  presence  of  an  impurity  in  the  quantum  dot  can  be  written  as 


5(x,ft)=A(K,/i)-A(0). 


(2) 


where  vector  h  means  the  set  i /Z2  ’ •  •  •  )■ 

The  results  of  our  calculations  are  presented  in  the  Table.  The  gap  A^  (O)  corresponds  to 
the  case  when  the  potential  barriers  height  is  assumed  infinite.  In  this  case  the  magnitude 
of  the  optical  gap  without  impurity  has  the  greatest  value.  If  we  have  taken  into  account 
the  finite  height  of  the  barriers  (3.1eV  for  electrons  and  4.4eV  for  holes),  the  gap  will  be 
less  (A|(0)  in  the  Table.  1).  The  smallest  values  of  the  gap  are  obtained  when  we  take 
into  account  not  only  the  finite  height  of  the  barriers,  but  also  the  discontinuity  of  the 
effective  mass  on  the  boundary  of  the  quantum  dot.  The  gap  A  2(0)  was  calculated  for  the 
case  when  the  electron  effective  mass  in  the  dielectric  matrix  equals  TUq  and  does  not 
coinsides  with  the  masses  TTl^  or  ttljj  in  the  silicon  quantum  dot.  As  we  can  see,  the 
differences  between  A^(0)  and  A 2(0)  are  rather  significant.  Note  that  the  values 
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^2(^)  different  sizes  of  the  quantum  dot  are  in  good  agreement  with  the  experimental 
data  [9,10,11]  and  with  the  theoretical  calculations  of  other  authors  who  used  another 
methods  (such  as  local  density  approximation  [12],  tight-binding  model  [13,14]  or 
pseudopotential  method  [15,16]). 

The  calculations  of  the  optical  gap  shift  b{K,h)  were  carried  out  in  the  framework  of 
more  simple  model  with  the  infinite  barriers.  Another  models  with  the  finite  height  of  the 
barriers  are  significantly  more  complicated  for  the  calculations,  and  as  the  estimations 
have  shown,  the  results  do  not  differ  essentially.  The  position  of  the  energy  levels  and 
hence  the  value  5  will  be  depend  not  only  on  the  quantity  of  donors  but  also  on  the 
distribution  of  ions  inside  the  quantum  dot.  Since  it  is  impossible  to  obtain  the  analitical 
expression  for  the  .shift  5  in  a  general  case,  we  consider  a  three  kinds  of  impurity 
distribution  which  correspond  to  some  extreme  situations. 

Table.  I .  The  magnitudes  of  the  optical  gaps  ( A  )  and  its  shifts  ( 6 )  due  to  the  presence 
of  the  impurity  atoms  (eV)  for  different  values  of  radius  (nm). 


R 

A.,(()) 

A;(0) 

A,(0) 

8, 

82 

K=  1 

K  =  3 

II 

K^\ 

K  =  3 

K  =  5 

1.5 

2.63 

2.28 

1.90 

-0.04 

-0.12 

-0.21 

-0.08 

-0.30 

-0.55 

2 

1.98 

1.83 

1.64 

-0.03 

-0.09 

-0.15 

-0.06 

-0.23 

-0.42 

2.5 

1.69 

I.6I 

1.50 

-0.02 

-0.07 

-0.12 

-0.05 

-0.18 

-0.34 

One  of  these  is  the  case,  when  impurity  ions  distributed  by  the  centrally-simmetric  way  on 
the  boundary  of  the  quantum  dot  (hj  =  R ).  As  the  calculations  have  shown,  in  this  case 

5=0  irrespective  of  the  donors  number  K  .  In  the  other  case,  when  all  the  impurity 
atoms  are  situated  at  the  centre  of  the  quantum  dot  {hj  =0,  actually  hj  «  R),  the 

shift  5,  which  is  denoted  by  5^  in  the  Table,  is  nonzero.  The  last  case  corresponds  to  the 
maximum  asymmetric  distribution  with  the  maximum  electrical  dipole  momentum,  when 
all  the  impurity  atoms  are  situated  in  one  place  on  the  boundary  of  the  quantum  dot.  This 
distribution  type  gives  more  significant  shift  82  (see  the  Table.  I). 

As  it  has  been  seen  from  the  table  the  magnitude  of  the  shift  is  rather  small  almost  in  all 
cases,  .shown  in  the  Table,  excluding  the  case  of  the  maximum  asymmetric  distribution 
with  the  large  number  of  donors  (  K  =  5).  However,  it  is  clear,  that  this  kind  of  the 
distribution  is  hardly  realized  in  experiments  and  the  possibility  of  such  configurations 
strongly  decreases  with  increasing  K  .  Hence,  the  contribution  of  the  asimmetric 
configurations  with  the  maximum  dipole  momentum  will  be  negligible. 

In  reality,  the  impurity  atoms,  perhaps,  are  randomly  situated  inside  the  NI.  Therefore,  the 
true  magnitude  of  5  for  K  <  5  woukd  be  somehow  averedged  one  between  '^“0.2eV 
and  zero,  e.g.  —  0.  <  5  <  0.  For  the  case  K  »  1 ,  the  consideration  becomes  not 

justified  enough  because;  (i)  the  interaction  between  impurity  atoms  must  be  taken  into 
account  (the  approximation  of  isolated  atoms  can  be  not  right);  (ii)  the  validity  of  the 
perturbation  theory  can  be  violated. 

Thus,  the  magnitude 5,  obtained  experimentally,  can  not  exceed  a  several  per  cents  from 
the  magnitude  of  the  gap  and  the  shift  of  the  luminescence  peak  in  the  presence  of 
phosphorus  must  be  rather  small. 
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CONCLUSIONS 


1.  The  dependences  of  IPL  from  Si  doses  similar  character  for  Tann=1000"C  and  1 100“C. 
However,  for  the  latter  case,  unlike  the  first  one,  it  can  not  be  quantitively  described 
by  the  same  model. 

2.  The  additional  phosphorus  implantation  causes  the  IPL  enhancement  for  all  the 
impurity  doses  investigated. 

3.  The  effectivity  of  phosphorus  related  IPL  enhancement  drops  with  the  silicon  dose 
(excess  silicon  concentration) 

4.  Theoretical  consideration  in  effective  mass  approximation  shows  that  (in  agreement 
with  experiment)  the  phosphorus  doping  would  not  shift  the  luminescent  peak  position 
significantly  for  the  interband  transitions. 
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ABSTRACT 

Melting  and  crystallization  experiments  of  InGaSb  were  done  under  the  reduced 
gravity  condition  (lO'^G)  in  an  airplane  and  at  the  normal  gravity  condition  (IG)  in  the 
laboratory.  Crystallized  InGaSb  was  found  to  contain  many  needle  crystals  in  both  the 
cases.  Reduced  gravity  condition  was  found  to  be  more  conducive  for  crystal  growth 
than  the  normal  gravity  condition.  Formation  of  spherical  projections  on  the  surface  of 
InGaSb  during  its  crystallization  was  in-situ  observed  using  a  high  speed  CCD  camera 
in  the  drop  experiment.  Spherical  projections  showed  dependence  of  gravity  during  its 
growth.  Indium  compositions  in  the  spherical  projections  were  found  to  vary 
depending  on  the  temperature. 

INTRODUCTION 

InxGai-xSb  is  a  potential  optoelectronic  device  oriented  material  and  it  could  be 
used  to  fabricate  commercially  viable  detectors,  thermo-photo-voltaic  (TPV)  cells. 
InxGai-xSb  along  with  its  binary  counterparts  GaSb  and  InSb  are  interesting  III-V 
model  materials  for  space  ventures  because  of  their  low  melting  temperatures  (712“C 
and  below)  and  low  vapour  pressures.  It  is  extremely  difficult  to  grow  high  quality 
lUxGai-xSb  bulk  crystals  on  earth  due  to  gravity  induced  effects.  As  the  densities  of 
the  components  are  different,  solute  transport  occurs  due  to  buoyancy.  For  this  reason, 
microgravity  condition  in  space  is  ideally  suited  to  grow  high  quality  and  defect  free 
InxGai-xSb  crystals  as  the  gravity  induced  negative  effects  can  be  overcome  [1-3].  In 
order  to  investigate  the  effect  of  gravity  on  the  dissolution  and  crystallization 
processes,  we  carried  out  two  microgravity  experiments.  The  first  one  was  performed 
in  the  Second  International  Microgravity  Laboratory  (IML-2)  in  1994  [4-7].  We 
studied  the  effects  of  diffusion  and  convection  on  the  melt  mixing  of  In/GaSb/Sb.  One 
of  the  important  observations  made  in  this  venture  was  the  formation  of  many  circular 
projections  on  the  surface  of  the  InGaSb  spherical  sample.  The  indium  compositions 
in  this  area  were  different  from  those  in  the  main  body  of  the  sample.  The  other 
experiment  was  carried  out  in  a  Chinese  recoverable  satellite  in  1996  [8-10]. 

It  is  not  always  possible  to  venture  microgravity  experiments  in  space  using 
space  shuttles  due  to  economic  and  other  major  constraints.  Hence,  it  is  necessary  to 
find  alternate  avenues  to  perform  this  type  of  experiments  on  earth  itself  using  the 
facilities  like  drop  tower,  airplane  etc.  It  is  also  important  to  know  how  the  crystal 
growth  processes  take  place  under  the  reduced  gravity  conditions  like  10  *  G,  10'^  G 
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etc.  and  under  the  higher  gravity  condition.s,  like,  2G,  3G  etc.  In  the  present  article, 
we  discuss  about  the  results  of  the  airplane  and  drop  experiments  on  the 
crystallization  of  InGaSb  conducted  under  different  gravity  conditions. 

EXPERIMENTAL 

For  the  airplane  experiment,  polycrystalline  InxGai-xSb  (x=0.05)  cut  into  a 
dimension  of  5  x  5  x  0.2  mm^  was  used  as  the  starting  material.  The  sample  was 
sandwiched  between  two  thin  quartz  glass  plates  and  was  sealed  using  high 
temperature  adhesives.  Thermocouples  were  connected  to  the  samples  to  monitor  and 
control  the  temperature  during  the  melting  and  cry.stallization  processes.  The  sample 
configuration  is  .shown  in  Fig.  1 .  An  equipment  was  designed  and  constructed  for  the 
airplane  experiment.  The  sample  was  mounted  on  a  movable  platform  so  that  the 
position  of  it  could  be  changed  using  a  motor  during  the  experiment.  The  InGaSb 
sample  was  heated  to  a  temperature  of  706*C.  During  this  time,  InGaSb  poly  crystal 
melted  and  changed  to  In-Ga-Sb  .solution.  When  the  gravity  level  changed  to  10  “G, 
the  sample  was  moved  out  of  the  furnace  and  hence  the  temperature  decreased 
rapidly.  This  process  is  schematically  represented  in  Fig.2.  During  the  rapid  decrease 
of  temperature,  InGaSb  crystallized.  The  complete  experiment  was  vidcographed 
using  a  high  re.solution  CCD  camera.  TTie  same  type  of  experiment  was  carried  out 
under  the  normal  gravity  (IG)  in  the  laboratory. 

For  the  drop  experiment,  polycrystals  of  InGaSb  were  used  as  the  starting  materials. 
The  sample  structure  was  similar  to  Fig.  I .  This  experiment  was  performed  using  a 
150m  drop  tower  facility  present  in  the  Micro-Gravity  Ltiboratory  of  Japan  (MGLAB). 
An  equipment  comprising  a  furnace  to  heat  the  sample,  thermocouples,  temperature 
controllers  to  control  the  sample  and  furnace  temperatures,  a  high  speed  and  high 
resolution  CCD  camera,  and  two  lights,  was  con.structcd  for  this  study  and  the 
schematic  diagram  of  it  is  shown  in  Fig.3.  The  melting  and  crystallization  of  InGaSb 
during  the  experiment  was  vidcographed  using  the  high  speed  and  high  re.solution 
camera.  The  recorded  images  and  the  corresponding  temperatures  and  gravity  levels 
were  used  to  study  the  melting  and  crystallization  processes.  InGaSb  polycrystalline 
plate  sample  was  heated  to  a  temperature  of  800T  at  a  rate  of  50°C/min.and  kept  for  10 
minutes.  Later,  the  sample  was  cooled  down  by  cutting  off  the  power  supply.  During 
the  cooling  period,  molten  InGaSb  started  crystallizing.  During  the  crystallization,  the 
capsule  was  dropped  in  to  the  vacuum  tower. 


Fig.  1.  Sample  configuration  for  the 
airplane  and  drop  experiments. 


Fig.2.  Change  of  sample  position  during  the 
aiiplanc  experiment. 
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Light  power  supply 


Fig.3.  Schematic  diagram  of  home-made 
equipment  for  the  drop  experiment. 


Time  (s) 


Fig.4.  Variation  of  gravity  leve!  and  sample 
temperature  with  time  in  the  airplane 
experiment. 


RESULTS  AND  DISCUSSION 

Effect  of  gravity  on  the  needle  crystal  growth 


Figure  4  shows  the  variation  of  the  gravity  level  with  the  flying  time  of  the  aircraft 
and  the  temperature  of  the  InGaSb  sample  during  the  experiment.  The  set 
temperature  of  the  sample  was  decreased  to  less  than  SOO^C  in  a  time  of  a  second  after 
the  gravity  became  lO’^G.  Figure  5  shows  the  photographs  of  the  crystallized  InGaSb 
samples  under  10  ”G  and  IG  conditions,  respectively,  and  the  corresponding  EPMA 
line  profiles  of  indium  composition  measured  on  the  surfaces  of  the  samples.  The 
needle  crystals  were  found  to  have  formed  during  the  cooling  of  InGaSb.  This  result 
is  similar  to  the  needle  erystal  formed  in  our  space  experiment  under  microgravity 
condition  [10].  In  the  case  of  the  needle  crystal  formed  under  reduced  gravity  (lO'^G) 
and  normal  gravity,  indium  composition  should  be  as  small  as  0.005.  Figure  6  shows 
the  binary  phase  diagram  of  the  InSb-GaSb  system.  As  marked  in  the  phase  diagram, 
the  sample  must  be  cooled  down  fast  to  get  the  crystal  of  indium  composition  0.005. 
Hence,  in  the  EPMA  profile,  the  portions  where  the  In  composition  is  0.005, 
correspond  to  the  InGaSb  needle  crystal  and  the  portions  where  the  In  composition  is 
high,  correspond  to  the  residual  solution.  The  needle  crystal  is  surrounded  by  the 
residual  solution  and  its  indium  composition  is  much  more  than  that  of  the  crystal. 

As  seen  in  the  EPMA  profiles,  in  the  case  of  reduced  gravity  processed  sample,  the 
number  of  indium  peaks  is  relatively  smaller  than  the  peaks  observed  in  the  normal 
gravity  processed  sample. 

Figures  7(a)  and  (b)  show  the  statistics  of  the  size  of  the  needle  crystals  formed  under 
reduced  gravity  and  normal  gravity  conditions,  respectively.  As  clearly  seen  in  the 
figures,  the  number  of  smaller  sized  crystals  formed  under  normal  gravity  conditions  is 
much  more  than  the  number  of  smaller  crystals  formed  under  reduced  gravity  condition. 

It  is  obvious  that  the  convective  forces  during  the  crystal  growth  processes  behave 
differently  depending  on  the  gravity  conditions.  Under  the  reduced  gravity  condition, 
growth  of  larger  sized  crystals  is  more  feasible  as  the  negative  effect  of  the  convective 
forces  is  relatively  less.  In  the  case  of  the  crystal  growth  under  normal  gravity,  due  to  the 
convective  forces,  most  of  the  needle  crystals  grown  were  smaller.  This  clearly  indicates 
that  the  reduced  gravity  condition  is  better  suited  for  crystal  growth. 
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tn  Composition  (arb.unit) 


Fig.5.EPMA  line  profiles  for  the  needle  crystals 

grown  under  (a)  reduced  gravity  and  (b)  Fig.6.  TnSb-GaSb  binary  phase  diagram, 

normal  gravity. 


Fig.7.  Size  distribution  of  the  needle  crystals  grown  under  (a)  reduced  gravity 
(lO  'G)  and  (b)  nomial  gravity  conditions. 


Formation  of  projections  during  InGaSb  crystallization 


During  the  crystallization  of  InGaSb,  many  spherical  projections  were  observed 
on  the  surface  of  the  .sample.  The  projections  emerged  out  during  the  crystallization 
of  InGaSb  from  its  melt  due  to  the  reason  that  the  density  of  InGaSb  liquid  is  larger 
than  that  of  solid.  The.se  were  similar  to  the  projections  observed  in  the  melting  and 
solidification  experiment  of  In/GaSb/Sb  done  in  IML-2  |5j.  The  projections  in  this 
study  were  found  to  increase  in  size  slowly.  In  the  present  experiment,  the  drop  of  the 
capsule  was  made  to  coincide  with  the  appearance  and  growth  of  spherical  projections 
so  that  this  process  could  be  observed  under  microgravity  condition.  Figure  8  shows 
the  high  resolution  images  recorded  using  high  speed  camera  during  the  crystallization 
of  InGaSb  in  one  of  the  drop  experiments.  As  .seen  clearly  in  the  images,  the  spherical 
projections  have  just  started  to  appear  and  grow  larger  in  size  slowly  as  the  time 
passed.  The  figures  (a)-(f)  correspond  to  the  images  recorded  under  microgravity 
condition  at  the  timings  Os,  Is,  2s,  3s,  4s  and  4.5  s,  respectively.  The  enlarged  image 
of  the  final  form  of  the  projections  fomied  is  shown  in  the  Fig.  9.  The  projection  A 
was  formed  under  normal  gravity  condition  and  the  projections  B  and  C  were  formed 
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under  microgravity  condition.  The  projections  formed  under  microgravity  were 
almost  spherical,  whereas,  the  projection  formed  under  normal  gravity  was  not 
perfectly  spherical.  Due  to  gravitational  pull,  the  top  surface  of  the  projection  A 
tended  to  become  flat.  This  shows  the  influence  of  gravity  on  the  formation  of 
projections. 

It  was  found  that  the  rate  of  increase  of  projection  area  was  high  and  constant  for 
the  first  3  sec.  However,  in  the  remaining  time,  the  increase  rate  became  lower  and 
this  may  be  due  to  the  reduction  of  solute  supply  in  the  final  stage  of  projection 
formation.  The  solute  supply  was  blocked  to  some  extent  by  the  already  formed 
crystal  in  the  lower  portion  of  the  projection. 

The  In  compositions  in  the  formed  projection  B  and  C  were  measured  by  EPMA  and 
are  schematically  represented  in  Fig.  10.  The  In  composition  in  the  projection  C  was 
found  to  be  more  than  that  of  projection  B.  This  is  due  to  fact  that  the  temperature  at  the 
time  of  the  formation  of  projection  B  was  higher  than  the  corresponding  temperature  of 
projection  C.  This  indicates  that  the  In  composition  of  the  crystallized  InGaSb  varies 
depending  on  the  existing  temperature  at  the  time  of  formation.  This  is  in  accordance 
with  the  InSb-GaSb  ternary  phase  diagram  [11].  Since  the  whole  processes  of  melting 
and  crystallization  of  InGaSb  were  recorded  using  the  high  speed  and  high  resolution 
CCD  camera  (a  maximum  of  250  images  per  second)  in  all  the  experiments  along  with 
the  precise  values  of  the  corresponding  gravity  levels  and  temperatures,  it  was  possible  to 
find  the  exact  conditions  at  which  the  projections  formed. 


Fig.8.  High  resolution  images  recorded  during  the  crystallization  of  InGaSb  at  the  timings,  Os,  (b)  Is,  (c) 
2s,  (d)  3s,  (e)  4s  and  (f)  4.5  s,  respectively. 


Fig.9.  The  enlarged  images  of  the  final  shape  of  the  projections.  The  projection  A  was  formed  under 
normal  gravity  condition  and  the  projections  B  and  C  formed  under  microgravity  condition. 
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Fig.lO.nie  3-dimensional  schematic  representation  of  the  In  compositions  measured  on 
the  (a)  projection  B  and  (b)  projection  C.  The  measurements  were  made  at  the 
selected  points  on  the  squares  of  areas  0.6  x  0.7  mm“  and  0.4  x  0.4  mm’  of 
projections  B  and  C,  respectively. 


SUMMARY 

In  the  airplane  experiment  on  the  crystallization  of  InGaSb  under  lO'^G 
condition,  needle  cry.stal  was  found  to  have  formed  and  the  size  of  it  was  larger  than 
the  crystal  obtained  under  normal  gravity.  This  showed  that  the  reduced  gravity 
condition  is  more  feasible  for  crystal  growth.  In  the  drop  experiment,  spherical 
projections  of  InGaSb  were  observed  to  form  during  its  crystallization  under 
microgravity.  On  the  other  hand,  projection  formed  under  normal  gravity  was  not 
perfectly  spherical.  Indium  composition  in  the  projection  was  found  to  vary 
depending  on  the  existing  temperature  condition  during  the  formation. 
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ABSTRACT 

This  paper  presents  for  the  first  time  photo-assisted  Metalorganic  vapor  phase  epitaxial 
(MOVPE)  growth  of  ZnMgS  on  Si  (100)  substrates.  The  growth  was  done  using  dimethylzinc 
(DMZn),  bismethylcyclo-pentadienyl-magnesium  ((MeCP)2Mg),  and  diethylsulfhide  (DES)  as 
zinc,  magnesium,  and  sulfur  precursors.  Epitaxial  characterization  by  X-ray  Photoelectron 
Spectroscopy  (XPS),  and  low  -  angle  X-ray  Diffraction  (XRD)  results  are  presented.  Mg  solid 
phase  incorporation  is  estimated  to  vary  from  0  to  60  percent.  The  epitaxial  nature  of  the  ZnMgS 
layers  has  been  verified  using  the  low-angle  X-ray  diffraction  eliminating  any  interference  from 
the  Si  substrate.  It  can  be  shown  with  this  technique  that  the  change  in  the  ZnMgS  peak  position 
changes  from  27.35  degrees  to  26.5  degrees  with  an  increase  in  Mg  incorporation,  compared 
with  a  Si  control  sample  peak  at  27.4  degrees.  XRD  results  obtained  have  been  verified  with 
XPS  data.  Chlorine  doping  of  the  ZnMgS  layer  was  also  studied.  Concentrations  up  to  3  x  10‘^ 
cm'^  were  observed  in  the  ZnMgS  layer.  Results  of  the  n  (ZnMgS  :C1)  -  p  (Si)  diodes  fabricated 
are  also  presented. 

INTRODUCTION 

The  availability  of  flat  panel  televisions,  laptop  computers  and  many  other  products 
during  the  past  decade  has  been  made  possible  by  the  development  of  flat  panel  displays  (FPDs). 
FPD  technologies  include  electroluminescent  displays  (ELDs),  light  emitting  diode  arrays, 
plasma  display  panels  (PDPs),  liquid  crystal  displays  (LCDs),  and  flat  cathode  ray  tubes  (CRTs). 
Their  applications  generally  fall  into  two  broad  categories:  (i)  High  Information  Content  (HIC) 
or  high  pixel  count  displays  having  50,000  to  10^  pixels  per  frame  (both  monochrome  and  color), 
and  (ii)  lower  pixel  count  displays  as  used  in  calculators,  clocks,  and  other  consumer  products. 

II- VI  materials  such  as  ZnCdSe  have  been  used  and  proposed  in  the  implementation  of 
laser  diodes  emitting  in  the  red  through  blue  spectrum  [1-3].  An  application  for  this  material 
system  includes  flat  panel  displays,  which  has  the  advantage  of  enabling  the  realization  of 
transistor  drivers  in  the  silicon  substrate. 

Another  application  includes  higher  efficiency  solar  cells,  which  are  also  currently  under 
investigation  [4,5].  Advantages  of  using  wide-band  gap  material  in  solar  cells  include  lower 
losses  in  the  window  region,  and  lower  ohmic  losses.  In  addition  ZnS  and  Si  exhibit  closely 
matched  electron  affinities. 
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EXPERIMENT  &  RESULTS 


A  vertical,  stainless  steel  EMCORE  reactor  with  a  rotating,  resistivcly-heated 
molybdenum  susceptor  was  used  for  growth.  All  growth  runs  were  carried  out  at  250  Torr,  with 
a  susceptor  rotauon  of  350  rpm,  and  14.25  slm  of  palladium-diffused  hydrogen  as  the  carrier  gas. 
The  photo  irradiation  was  achieved  using  an  Oriel  Hg  arc  lamp  operated  at  150W  electrical 
power.  The  ultraviolet  irradiation  was  brought  into  the  reaction  chamber  using  a  mirror  and  a 
quartz  window,  resulting  in  normal  incidence  on  the  sample.  Neutral  density  filters  were  used  to 
adjust  the  irradiation  intensity.  All  irradiation  intensities  reported  were  measured  using  an 
intensity  meter  (manufactured  by  HTG)  outside  of  the  reaction  chamber. 

Prior  to  growth,  the  native  oxide  on  the  substrates  was  removed  by  an  in-situ  dry  etch 
[6,7,8],  using  a  dilute  flow  of  hydrogen  sulfide  (H2S)  at  a  temperature  of  9(X)"C  for  one  hour 
prior  to  the  epitaxial  growth.  Then  temperature  was  decreased  to  360"C  for  the  ZnMgS  layer 
growth.  The  reactant  mole  fractions  for  the  ZnMgS  layers  were  10*’  (DMZn),  4x10'**  (DES)  and 
1.8- 7.4  x  10‘^((MeCP)2Mg). 

The  samples  were  characterized  using  a  low-angle  X-ray  diffraction  technique  with  a 
Bruker  analytical  X-ray  System  D5005  X-ray  Diffractometer.  The  results  of  which  are  seem  in 
Figure  1.  With  this  technique  the  X-ray  beam  is  incident  on  the  sample  at  very  small  angles, 
usually  0.5'’  -  5°,  to  confine  the  penetration  of  the  X-ray  beam  to  the  epitaxial  film  only.  In  this 
system  the  sample  is  fixed,  and  the  X-ray  source  is  fixed  after  the  angle  of  incidence  as  been 
selected.  The  detector  head  rotates  from  the  initial  2^ angle  to  the  final  2<9 angle  selected  by  the 
user. 


Figure  1.  Low-angle  X-ray  diffraction  curves  measured  at  room  temperature,  for 
different  Mg  compositions  of  x  for  Zn|.xMg,S/Si(I00)  heterostructures.  The  Zin-xMgxS  epitaxial 
films  were  grown  at  360'’C  with  35mW/cm’  UV  irradiation  intensity. 

The  samples  were  also  sent  to  Evans  East  for  XPS  analysis,  where  the  surface  of  the 
sample  was  examined  initially  by  low-resolution  survey  scans  to  determine  which  elements 
where  present.  Then  high-resolution  depth  profiles  were  acquired,  as  .seen  in  Figure  2.  The 
samples  were  profiled  (sputtered)  using  a  3kV  Ar^  ion  beam  (3.5  x  3.5  mm^  raster)  and  high- 
resolution  scans  of  the  elements  were  obtained  every  37,5A  (a.ssuming  a  Si02  sputtering  rate). 
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The  quantification  of  the  elements  was  accomplished  by  using  the  atomic  sensitivity  factors  for  a 
Physical  Electronics  Model  5700Lsci  ESC  A  spectrometer. 


so 
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Figure  2.  XPS  results  for  run  number  1261,  for  6.1%  composition  Mg  in  the  solid  phase. 
The  Zni.xMgxS  epitaxial  film  was  grown  at  360'’C  with  35mW/cm^  UV  irradiation  intensity. 

From  the  results  obtained  with  XPS  the  percent  Mg  in  the  solid  phase  of  ZnMgS  versus  percent 
(MeCp)2Mg  in  the  gas  phase  was  determined  as  seen  in  Figure  3. 


X((McCp)2Mg)/(X((McCp)2Mg)+XDmZn) 

Figure  3.  Percent  Mg  in  the  solid  phase  of  ZnMgS  (as  determined  by  XPS  results)  versus 
percent  (MeCp)2Mg  in  the  gas  phase.  The  Zni.^MgxS  epitaxial  films  were  grown  at  341°C  with 
35mW/cm^  UV  irradiation  intensity. 

Thickness  measurements  were  done  by  the  Filmetrics  F20  system,  an  optical  non¬ 
destructive  thickness  measurement  system.  The  results  of  which  are  presented  in  Figure  4. 
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HCl  Mole  Fraction 


Figure  4.  Growth  rate  of  Zm.xMg.S  epitaxial  films  doped  with  HCL  versus  HCL  mole  fraction. 
The  Zni.xMgxS  epitaxial  films  were  grown  at  360"C  with  no  UV  irradiation,  and  without  a  buffer 
layer. 

Chlorine  doping  levels  were  measured  with  an  AC  Hall  Effect  setup,  using  the  Van  der 
Pauw  Method.  Since  the  substrate  was  not  semi-insulating  a  multi-layer  model{9]  had  to  be  used 
to  extrapolate  the  parameters  of  the  epitaxial  layer,  listed  in  Table  I. 

Table  1.  Results  from  Room  Temperature  AC  Hall  Effect  Measurements 


Sample  # 

#1280 

#1281 

Electron  Hall  Mobilty  //„(cm^A^-s) 

2.420x10-' 

2.650x10' 

Electron  Carrier  Concentration(cm‘^) 

2.37.')xl0'^ 

3.058x10'^ 

Conductivity  (mhos) 

0.9196 

1.296 

Ruaii 

2.632x10-' 

2.044x10' 

Cl  mole  fraction 

8.77  lx  10 

1.754x10^ 

p-type  Si  Substrate  Conductivity  (mhos) 

0.1 

148 

The  current  -  voltage  (I-V)  chartcristics  were  obtained  with  an  HP  4145B  Semiconductor 
Parameter  Analyzer.  The  results  arc  shown  in  Figure  5. 
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Figure  5.  Current  -  Voltage  characteristics  of  n-type  Zni-xMgxS:Cl  /  p-type  Si  diodes: 
(a)  sample  #1280  (b)  sample  #1281,  (structure  shown  in  insert). 


CONCLUSION 


This  paper  presents  for  the  first  time  photo-assisted  MOVPE  growth  of  ZnMgS  on  Si 
(100)  substrates.  Epitaxial  characterization  by  XPS,  shows  a  Mg  solid  phase  incorporation  from 
0  to  60  percent  in  the  epitaxial  layer.  The  epitaxial  nature  of  the  ZnMgS  layers  has  been  verified 
using  the  low-angle  X-ray  diffraction  eliminating  any  interference  from  the  Si  substrate.  It  was 
shown  with  this  technique  that  the  change  in  the  ZnMgS  peak  position  changes  from  27.35 
degrees  to  26.5  degrees  with  an  increase  in  Mg  incorporation,  compared  with  a  Si  control  sample 
peak  at  27.4  degrees.  XRD  results  obtained  were  verified  with  XPS  data.  Chlorine  doping  of  the 
ZnMgS  layer  was  also  studied.  Concentrations  up  to  3  x  lO'^  cm'^  were  observed  in  the  ZnMgS 
layer.  Results  of  the  n  (ZnMgS:Cl)  -  p  (Si)  diodes  fabricated  were  also  presented. 
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ABSTRACT 


UHV-CVD  growth  based  on  a  deuterium  stabilized  Sn  hydride  and  digermane  produces  Ge- 
Sn  alloys  with  tunable  bandgaps.  The  Gei.xSnx  (x=2-20  at.%)  alloys  are  deposited  on  Si  (100) 
and  exhibit  superior  crystallinity  and  thermal  stability  compared  with  MBE  grown  films. 
Composition,  crystal  and  electronic  structure,  and  optical  and  vibrational  properties  are 
characterized  by  RBS,  low  energy  SIMS,  high  resolution  electron  microscopy  TEM,  x-ray 
diffraction,  as  well  as  Raman  and  IR  spectroscopies.  TEM  studies  reveal  epitaxial  films  with 
lattice  constants  between  those  of  Ge  and  Sn.  X-ray  diffraction  shows  well-defined  (004)  peaks 
and  rocking  curves  indicate  a  tightly  aligned  spread  of  the  crystal  mosaics.  Resonance  Raman 
indicate  a  Ei  bandgap  reduction  relative  to  Ge,  consistent  with  a  decrease  of  the  E2  critical  point 
observed  in  spectroscopic  ellipsometry.  IR  transmission  spectra  indicate  an  increase  in 
absorption  with  increasing  Sn  content  consistent  with  a  decrease  of  the  direct  bandgap. 


INTRODUCTION 


The  preparation  of  Ge-Sn  alloys  with  cubic  structures  has  attracted  considerable  attention 
because  of  reports  that  Gei-xSUx  heterostructures  might  exhibit  tunable  direct  bandgaps  [1,2]. 
Gei-xSnx  materials  with  Sn  content  greater  than  1  at  %  are,  however,  thermodynamically 
unstable.  This  is  due  to  the  large  difference  in  lattice  constant  of  a-Sn  (6.489  A)  and  Ge  (5.646 
A)  and  the  instability  of  the  cubic  Sn  above  13.2°C  with  respect  to  the  P-Sn  structure  [3,4]. 
Despite  this  metastability  considerable  progress  has  been  made  in  growing  high  quality  Gei.xSux 
alloys  by  solid-source  MBE  and  related  physical  methods  [5-9].  Nevertheless  major  synthetic 
challenges  still  remain  including  segregation  of  Sn  toward  the  film  surface  during  MBE  growth 
and  low  thermal  stability  of  MBE-grown  samples  [9,10].  In  some  cases,  annealing  at 
temperatures  as  low  as  120-300‘’C  causes  Sn  precipitation  and  phase  segregation.  Recently  we 
reported  the  first  chemical  method  to  prepare  Ge-Sn  materials  utilizing  precursors  that 
incorporate  single  Sn  atoms  in  the  molecular  structure  and  UHV-CVD  [11,12].  Our  method  has 
afforded  epitaxial,  monocrystalline  layers  on  Si  (100)  which  display  thermal  stability 
substantially  higher  than  that  reported  for  MBE  grown  films  of  comparable  compositions.  In  this 
report  we  summarize  our  growth  results  and  describe  in  detail  the  optical,  vibrational,  and 
structural  properties  of  the  UHV-CVD  grown  materials. 
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RESULTS  AND  DISCUSSION 


The  depositions  are  conducted  in  a  custom  built  UHV-CVD  reactor  at  350"C  and  10"* 
Torr.  The  substrates  are  Si  (100)  wafers  prepared  for  deposition  using  a  modified  RCA  process 
followed  by  H-passivation  of  the  Si  surface  using  10%  HF.  The  precursor  is  a  deuterium- 
stabilized  Sn  hydride  with  molecular  formula  (PlOSnD^,  Ph=Cf,H5.  It  has  a  vapor  pressure  of  3 
Torr  at  ITC  and  decomposes  readily  in  UHV  at  250'’C  to  form  Sn  atoms  via  elimination  of 
stable  d|-Ph  and  Dz  byproducts.  The  reaction  of  (Ph)SnD3  with  Ge2H6  produces  epitaxial  Ge|. 
xSn^  films  which  incorporate  Sn  concentrations  up  to  20  at%..  The  films  adhere  extremely  well 
to  the  Si  surface  and  their  visual  appearance  is  similar  to  that  of  Ge.  Thermal  treatment  indicated 
that  the  alloys  are  stable  up  to  650”C  for  samples  with  5  %  Sn  concentrations,  and  at  least  up  to 
750"C  for  samples  with  less  than  5  at.  %  Sn  contents.  Analyses  at  the  nanometer  scale  by  EDX 
in  a  high-resolution  electron  microscope  .show  that  there  is  no  phase  segregation  or  formation  of 
Sn  clusters  during  the  annealing.  All  of  the  as  deposited  and  annealed  .samples  were  analyzed  by 
Rutherford  backscattering  (RBS)  and  selected  samples  were  analyzed  by  secondary  ion  mass 
spectrometry  (SIMS).  RBS  was  used  to  determine  the  concentration  of  Sn  and  Ge  and  to  detect 
and  identify  any  possible  D,  H,  or  C  impurities  as  well  as  to  estimate  the  film  thickness.  The  Sn 
to  Ge  elemental  concentration  was  obtained  by  utilizing  2  MeV  Hc“^  ions.  Forward  scattering 
and  carbon  resonance  ['‘C(a,a)''C]  experiments  at  4.26.5  MeV  confirmed  the  ab.sence  of  D,  H 
and  C  impurities.  To  determine  the  quality  of  the  epitaxial  growth,  and  to  confirm 
substitutionality  of  Sn  in  the  Ge  lattice,  the  random  and  aligned  (channeled)  RBS  spectra  were 
recorded  and  compared.  Figure  1  shows  the  two  spectra  for  a  sample  containing  5  %  Sn  in 
which  both  Sn  and  Ge  atoms  channel  remarkably  well  despite  the  large  difference  in  lattice 
dimensions  between  the  epilayer  and  the  Si  substrate.  Low  energy  SIMS  spectra  were  recorded 
on  an  Atomica  4500  spectrometer  with  a  300  cV  primary  ion  beam.  Figure  2  shows  the 
SIMS  profiles  for  Gcd^sSnoos  and  Gco.xkSiio.i: 
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Figure  1.  RBS  aligned  and  random  .spectra 
for  Ge0.95Sn0.05.  Channeling  is  used  to 
determine  the  crystallinity  in  the  films.  uniform  Sn  profile  throughout  the  film.  The 

slope  is  due  to  the  film  roughness  which  is 
about  10%  of  the  film  thickness. 
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Figure  2.  Low  energy  SIMS  profiles  of 
Ge(>,95Sn(),o5  and  Ge().KKSn().i2  showing  nearly 
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The  Ge  and  Sn  profiles  are  constant  in  both  samples.  The  slope  seen  in  the  Sn  profile  is 
due  to  film  roughness.  The  SIMS  spectra  revealed  background  levels  of  H,  and  D  as  well  as  very 
low  C  and  O  levels  primarily  at  the  Si-film  interface.  The  structure  of  the  materials  were 
determined  by  x-ray  diffraction  and  high  re.solution  TEM.  X-ray  analysis  in  the  0-20  mode  using 
a  rotating  anode  show  a  single  alloy  peak  corresponding  to  the  (004)  reflection  of  the  diamond 
lattice.  The  lattice  constants  are  intermediate  between  those  of  Ge  and  a-Sn.  There  are  no  extra 
peaks  due  to  other  phases  except  for  the  forbidden  Gei.xSnx  (002)  reflection  with  its  intensity 
increasing  with  increasing  Sn  concentration  in  the  samples.  This  reflection  is  due  to  the  breaking 
of  the  inversion  symmetry  and  it  could  be  related  to  charge  transfer  from  Sn  to  Ge.  Also,  this 
peak  would  be  expected  to  appear  if  the  symmetry  is  broken  due  to  local  distortions.  This 
supports  local  ordering  with  the  Sn  atoms  perhaps  being  arranged  as  second  nearest  neighbors  in 
the  crystal.  Figure  3  shows  representative  patterns  for  a  Geo.88Sno.12.  Rocking  scans  of  the  ((K)4) 
reflection  have  a  FWHM  less  than  0.5®  indicating  a  tightly  aligned  spread  of  crystal  mosaics. 

Cross-sectional  TEM  revealed  that  all  samples  were  continuous  films  with  an  average 
roughness  of  about  10%  of  the  film  thickness.  The  films  were  monocrystalline  and  epitaxial. 
Periodic  arrays  of  edge  dislocations  and  occasional  {111}  stacking  faults  originating  at  the 
interface  were  observed  but  the  remainder  of  the  layer  was  defect-free.  Some  strain  contrast  was 
also  observed  in  the  TEM  micrographs.  A  typical  cross-sectional  electron  micrograph  of  the 
interface  region  demonstrating  defect  free  coherent  growth  of  Geo.94Sno.06  is  shown  in  Figure  4. 
SAED  patterns  confirm  that  the  material  has  a  cubic  structure.  There  is  an  appreciable  splitting 
of  the  spots  in  the  diffraction  pattern  which  is  consistent  with  the  large  difference  in  lattice 
dimensions  between  the  substrate  and  the  film.  The  lattice  parameter  obtained  from 
measurements  of  the  SAED  patterns  from  this  sample  was  5.70  A  which  is  intermediate  to  those 
of  pure  Ge  (5.646  A)  and  a-Sn  (6.489  A).  A  similar  value  of  5.696  A  was  measured  by  x-ray 
diffraction.  EDX  with  a  probe  size  less  than  1  nm  was  used  to  determine  whether  the  elemental 
composition  was  homogeneous  on  the  nanometer  scale  and  to  further  verify  phase  purity.  A 
detailed  survey  of  the  compositional  profiles  in  cross-section  and  plan-view  geometries  showed 
that  the  constituent  elements  were  evenly  distributed  throughout  the  sample. 
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Figure  3.  20  scan  for  Geo.88Sno.12  on  Si 
(100).  The  inset  shows  the  (004)  rocking 
curve. 
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The  optical  properties  and  band  structure  of  the  Gci.xSnx  were  investigated  by 
spectroscopic  ellipsometry  and  resonance  Raman.  The  ellipsometric  angles  \|/  and  A  were 
acquired  for  three  samples  containing  5,  12  and  16  at.%  Sn.  The  data  are  displayed  in  the  1  to  6 
eV  photon-energy  range  as  a  pseudodielcctric  function  and  fitted  in  Figure  5  for  Gco.gsSnods.  An 
examination  of  the  imaginary  part  £2  shows  that  the  absorption  of  GeSn  rises  from  low  values  at 
1  eV  (just  above  the  band  gap  of  Ge  and  Si)  to  a  broad  peak  (E|)  between  1 .5  and  2.5  eV  (which 
is  actually  a  combination  of  an  interference  fringe  and  an  interband  transition)  a  shoulder  Eo'  at 
3.5  eV  and  a  knee  at  4.2  eV  called  £’2-  The  presence  of  these  three  peaks  indicates  a  well- 
pronounced  band  structure  requiring  a  crystalline  film  with  long-range  ordering. 

More  information  can  be  obtained  by  solving  the  Fresnel’s  equations  assuming  a 
substrate/film/overlayer  sample  structure  and  comparing  simulated  spectra  with  the  experimental 
data.  Since  there  is  uncertainty  for  the  optical  constants  below  1 .5  eV  and  above  6  eV,  only  the 
data  between  1  and  6  eV  are  shown.  The  model  assumes  that  the  epilayer  is  Ge  (ignoring  the 
effects  of  Sn  alloying)  and  the  surface  overlayer  is  Ge02.  Using  rough  Ge  as  the  overlayer  leads 
to  similar  results.  The  dashed  lines  in  Figure  5  show  the  results  of  the  model.  The  film  thickness 
for  sample  Ge(i.94Sn()(»6  obtained  from  the  fit  is  423  A,  with  62  A  of  native  oxide.  The  model 
shows  the  Ge  E\  and  £|+Ai  critical  points  (doublet)  at  about  2.3  cV  combined  with  an 
interference  o.scillation  in  £2  at  1 .8  eV.  In  the  experimental  data,  the  .splitting  between  the  three 
structures  is  not  resolved.  The  reduction  in  peak  height  of  £2  at  4.2  eV  is  due  to  oxidation  of  the 
film  combined  with  roughness.  While  a  detailed  analysis  of  the  E\  and  Ei+A)  critical  points  is 
not  possible  in  the  alloy  (since  the  spin-orbit  .splitting  and  the  interference  fringe  are  not 
re.solved),  the  penetration  depth  of  the  light  should  be  small  enough  at  higher  photon  energies  in 
the  £2  region  near  4.2  eV.  The  second  derivative  of  the  pseudodielcctric  function  was  calculated 
(to  remove  the  non-resonant  background)  and  fitted  with  analytical  lineshapes  (Figure  6).  This 
allows  an  accurate  determination  of  the  £2  critical-point  energy.  From  the  value  of  £2.  the  Sn 
content  can  be  determined,  since  £2  changes  by  a  large  amount  between  elemental  Ge  (4.368  eV) 
and  elemental  Sn  (3.627  eV).  We  found  that  £2  varies  from  4.29  to  4.32  eV.  The  values  of  Sn 
concentration  we  obtain  are  6.6,  8.1,  and  1 1.1  %  Sn.  The  corresponding  RBS  values  arc  5,  12, 
and  16  at.  %  respectively.  The  magnitude  of  shifts  of  £2  found  by  ellipsometry  are  50  to  80 
meV.  This  method  assumes  a  linear  dependence  of  £2  on  Sn  content.  It  is  possible  that  the 
dependence  of  £2  could  be  nonlinear  for  this  unusual  alloy  system.  Finally,  the  broadenings  of  £2 


Figure  5.  Experimental  and  model 
pseudodielectric  functions  of  Ged.g.sSnojis. 


Figure  6.  Second  derivative  of  the 
pseudodielcctric  function  with  respect  to 
photon  energy.  Fit  to  analytical  lineshape. 
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Raman  spectroscopy  can  be  used  to  study  the  electronic  structure  of  the  alloys  by  measuring  the 
intensity  of  the  Raman  peaks  as  a  function  of  the  laser  wavelength.  In  pure  Ge,  it  has  been 
shown  that  the  Raman  cross  section  undergoes  a  resonant  enhancement  for  laser  photon  energies 
near  the  E\  and  £i+Ai  gaps.  We  performed  similar  measurements  for  a  Geo.gsSno.og  alloy  and  a 
Ge  reference.  The  net  result  is  that  we  find  a  redshift  of  Ei  and  £i+Ai  by  about  100  meV  relative 
to  pure  Ge.  This  result  combined  with  the  redshift  observed  for  the  E2  critical  point  by 
ellipsometry  suggest  that  the  bandgap  in  the  alloy  is  reduced  relative  to  pure  Ge  although  it  is 
not  possible  from  this  information  to  determine  whether  the  expected  indirect-direct  transition 
has  taken  place.  The  Raman  spectra  of  the  Sn-Ge  films  showed  a  strong  peak  assigned  to  Ge-Ge 
lattice  vibrations  which  is  downshifted  relative  to  the  Raman  peak  of  pure  Ge.  A  weak  peak 
around  240  cm  '  was  also  observed  and  was  assigned  to  the  Sn-Ge  vibrations.  The  observation 
of  Sn-Ge  bands  provides  strong  spectroscopic  evidence  for  the  presence  of  tetrahedral  Ge-Sn 
coordination  in  our  films  and  supports  the  formation  of  an  extended  random  alloy  with  the 
diamond-cubic  structure.  Peaks  corresponding  to  Sn-Sn  vibrations  were  not  detected  in  the 
Raman  spectra.  Finally  we  conducted  transmission  IR  measurements  in  order  to  examine  the 
effect  of  increasing  Sn  concentration  on  absorption.  This  should  provide  information  of  possible 
band  gap  variation  with  composition  in  the  alloy.  The  transmission  spectra  of  four  Ge-Sn  films 
with  Sn  content  ranging  from  9  to  18  %  are  shown  in  Figure  7.  The  spectrum  of  the  Si  substrate 
is  also  provided  as  a  reference.  We  found  that  the  transmission  drops  monotonically  with 
increasing  Sn  content  at  about  0.8eV  .  The  simplest  explanation  for  these  results  is  a  decrease  of 
the  band  gap  of  Gei-xSnx  as  a  function  of  Sn  concentration,  since  such  a  reduction  is  likely  to 
result  in  increased  absorption  at  a  fixed  photon  energy  above  the  band  gap.  Further  experiments 
and  data  analysis  aimed  toward  determination  of  the  absolute  band  gaps  and  absorption 
coefficients  are  in  progress. 
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Figure  7.  Transmission  spectra  of  the  Si  substrate  and  four  Ge-Sn  films  with  Sn  content 
ranging  from  6-18%. 
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SUMMARY  AND  CONCLUSIONS 


We  describe  UHV-CVD  growth  of  Gei,xSnx  alloys  from  reactions  of  Ge2H3  with  newly 
synthesized  deuterium-stabilized  Sn  hydrides.  Sn  concentrations  of  2-20  at  %  were  measured  by 
RBS  in  layers  deposited  on  (lOO)Si  substrates.  Low  energy  SIMS  indicated  excellent  uniformity 
of  the  constituent  Ge  and  Sn  elements  and  revealed  background  level  contents  of  impurities  such 
as  H  and  D.  High  resolution  TEM  and  XRD  revealed  high  quality  heteroepitaxial  growth  of 
films  that  are  aligned  well  with  the  Si  (001)  direction.  Strain  relaxation  by  edge  dislocations  and 
some  twining  was  also  observed  in  the  TEM  studies.  High-resolution  analytical  electron 
microscopy  in  cross  section  and  plan-view  confirmed  that  the  materials  are  highly  homogeneous 
and  are  of  good  thermal  stability.  Ellipsometry  studies  showed  that  the  bandgap  near  the  X-point 
(E2)  redshifts  50  to  80  meV  compared  to  Ge.  IR  spectra  showed  that  the  absorption  trough  the 
films  at  0.8eV  increases  due  to  the  red  shift  of  the  lowest  bandgap.  Raman  spectra  show  Ge-Ge 
and  Sn-Ge  lattice  vibrations  and  a  red  shift  of  the  El  resonance  by  100  meV. 
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ABSTRACT 

Here  we  present  our  results  of  structural,  optical,  and  magnetic  measurements  of  Zni- 
xMnxO  thin  films.  These  films  were  grown  epitaxially  on  (0001)  sapphire  substrates  by  using 
pulsed  laser  deposition  technique.  The  maximum  Mn  content  (x=0.36)  is  found  to  be  much 
higher  than  allowed  by  thermal  equlibrium  limit  (x~0.13)  due  to  the  non-equilibrium  nature  of 
the  pulsed  laser  deposition.  All  the  films  investigated  here  were  found  to  be  single  phase  with 
<0001>  orientation  epitaxial  relationship.  A  linear  increase  in  the  c-axis  lattice  constant  was 
observed  with  increase  in  Mn  concentration.  Optical  transmittance  measurements  showed  an 
increase  in  the  insulating  band-gap  (Eg)  with  increase  in  Mn  concentration.  DC  magnetization 
measurements  showed  that  there  is  no  long  range  ferromagnetic  ordering  down  to  10  K. 

INTRODUCTION 

ZnO  is  one  of  the  promising  members  of  II- VI  semiconductor  family  with  a  bandgap  of 
3.27  eV  at  300K.  It  has  a  higher  binding  energy  of  exciton  (60  meV)  compared  to  GaN  system, 
which  makes  the  material  a  favorable  candidate  for  the  potential  applications  in  optical  and 
electrical  industries.  ZnO  based  alloys  have  been  reported  for  bandgap  engineering  to  achieve 
the  desired  wavelength  for  certain  applications.  ZnO  can  be  alloyed  with  MgO  (8.2  eV)  to 
increase  the  bandgap  or  with  CdO  (2.0  eV)  to  decrease  it  [1-2].  Another  interesting  ZnO-based 
alloy  is  Zni.xMnxO  which  is  expected  to  be  applied  in  the  field  of  spintronics  as  a  dilute  magnetic 
semiconductor  (DMS)  [3-4].  Spintronics  (spin  +  electronics)  is  a  fastly  developing  field  in 
physics  focussed  on  spin-dependent  phenomena  applied  to  modem  electronics  devices. 

Recently,  two  groups  reported  the  growth  of  ZnMnO  thin  films  by  using  pulsed  laser 
deposition  [5-6].  They  found  that  Mn  can  be  incorporated  into  ZnO  thin  films  with  a  large 
concentration  (up  to  35%),  which  is  far  excess  the  equilibrium  limitation  (13%).  This  significant 
increase  in  solubility  is  due  to  the  nonequilibrium  nature  of  the  pulsed  laser  deposition  technique, 
in  which  the  average  energy  of  laser  ablated  species  (100-1000  kT)  is  2  to  3  orders  of  magnitude 
higher  than  the  equilibrium  value. 

In  this  work,  we  report  the  epitaxial  growth  of  Zni-xMnxO  thin  films  by  pulsed  laser 
deposition.  The  structures  of  films  were  characterized  by  X-ray  diffraction  and  transmission 
electron  microscopy  (TEM).  The  optical  and  magnetic  properties  of  the  films  are  also  reported. 

EXPERIMENTAL  DETAILS 

Epitaxial  Zni-xMnxO  (x=0.01-0.36)  films  were  grown  on  both-side  polished  (0001) 
sapphire  substrates  by  pulsed  laser  deposition  technique  using  a  KrF  excimer  laser.  Targets  were 
prepared  by  standard  solid  state  pressing  and  sintering  method.  Stoichiometric  amount  of  ZnO 
and  MnO  powders  were  first  mixed  and  calcined  at  450  T  for  six  hours.  The  resulting  powder 
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was  then  pressed  into  round  pallets.  These  pallets  were  subjected  to  sintering  at  900  "C  for  12 
hours  in  flowing  oxygen.  Depositions  using  these  targets  were  carried  out  at  610~650"C  in  an 
ambient  oxygen  pressure  of  5x10'^  Torr.  The  energy  density  and  repetition  rate  of  the  laser 
beam  were  2-3  J/cm“  and  10  Hz,  respectively.  The  Crystal  structures  of  these  films  were 
determined  by  X-ray  diffraction  using  CuKa  radiation  and  Ni  filter.  The  exact  stoichiometry  of 
the  films  was  determined  by  Rutherford  back  scattering  technique.  Microstructural 
characterization  of  these  films  was  performed  by  cross-sectional  high  resolution  transmission 
electron  microscopy  (HRTEM)  using  JEOL-2010F  analytical  electron  microscope  with  point  to 
point  resolution  of  0.18  nm  and  0.12  nm  in  STEM-Z  mode.  Optical  transmittance  spectra  of 
these  films  were  recorded  at  room  temperature  in  the  energy  range  1-4  eV.  Magnetic  properties 
of  these  films  were  studied  using  superconducting  quantum  interference  device  (SQUID) 
magnetometer, 

RESULTS  AND  DISSCUSION 

X-ray  diffraction  pattern  (Intensity  vs.  20)  .showed  the  films  were  single  phase  and  had 
wurtzite  structure  with  c-axis  of  the  film  aligned  with  that  of  the  sapphire  substrate.  Fig  I  shows 
a  typical  X-ray  diffraction  pattern  of  Zni.,MnxO  with  x=0.01  and  0.20;  all  other  alloys  till  x=0.36 
exhibited  similar  behavior.  It  is  clear  from  the  figure  that  there  are  no  other  orientations  except 
(0001)  reflecnons  of  ZnO  and  sapphire.  All  the  films  were  in  single  pha.se  till  x=0.36,  but  for  x 
>0.36  some  indication  of  phase  separation  was  observed  in  X-ray  diffraction.  A  systematic 
increase  in  the  lattice  parameter  ‘c  was  observed  without  any  change  in  crystal  symmetry.  It  is 
to  be  noted  that  in  this  work  we  have  succeeded  in  doping  Mn  in  ZnO  much  above  the  thermal 
equilibrium  limit  of  x~0.13.  This  became  possible  because  the 
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Fig.  1.  X-ray  diffraction  patterns  of  Zn|.,MnxO  (x=0.20  and  0.01)  films 
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nonequilibrium  processing  was  involved  during  the  pulsed  laser  deposition,  where  the  average 
energy  of  the  laser  ablated  species  is  two  to  three  orders  of  magnitude  higher  than  the 
equilibrium  value. 

Fig.2  shows  the  Rutherford  backscattering  and  channeling  data  for  one  of  the  films. 

From  this  figure  we  estimated  the  minimum  channeling  yield  to  be  less  than  3.0%  near  the 
surface  which  suggests  that  Mn  atoms  are  substitutionally  confined  into  the  lattice  planes  rather 
than  between  the  planes.  From  a  fit  to  the  random  backscattering  profile,  the  actual  concentration 
of  Mn  in  these  films  was  determined.  Mn  contents  in  the  films  and  the  targets  were  found  to  be 
within  +5%. 

Fig.  3  shows  the  selected  area  diffraction  pattern  on  the  Zni.xMnxO  (x=0.85)/  sapphire 
interface  area  taken  at  [01  10]  zone  axis  of  ZnMnO  thin  film.  It  shows  that  the  film  was 
epitaxially  grown  on  the  substrate.  The  Zni-xMuxO  film  has  the  followjng  epitaxial  relationships 
with  the  substrate:_Zn|.xMnxO(0001)|lsapphire(0001),Zni.xMnxO(01  10)||sapphire(  12  10), 
andZn|.xMnxO(  12  10)  ||  sapphire  (01  10).  Fig.4  (a)  shows  the  results  of  HRTEM  carried  out 
on  the  Zni-xMnxO/sapphire  interface.  The  interface  between  the  film  and  the  sapphire  is  sharp 
and  free  from  any  other  phase.  Due  to  the  large  in-plane  mismatch  (~1 8%)  between  the  film  and 
the  substrate,  the  epitaxial  growth  of  the  film  occurs  via  domain  epitaxy  where  dimensions  of  the 
domain  become  the  repeat  distance  across  which  matching  is  maintained  [7].  The  misfit 
dislocations  were  observed  at  the  interface  as  shown  in  Fig.4  (b).  The  dislocation  occurs  at  every 
6-th  (  2  2  TO)  plane  of  sapphire  (average).  The  unit  cell  of  ZnMnO  film  was  found  to  be 
rotated  by  30°  about  the  c-axis  with  respect  to  the  sapphire  unit  cell  as  reported  in  pure  ZnO  on 
sapphire  substrate  [9]. 


SCATTERING  ENERGY  (MeV) 

Fig.  2.  Rutherford  back  scattering  (•)  and  channeling  (-^)  data  for  Zni-xMnxO  (x=0.25)  film. 


Optical  absorbance  spectra  of  Zni.^Mn^O  films  were  recorded  at  room  temperature,  see 
Fig5.  We  observed  that  the  absorption  edge  moves  towards  the  high  energy  side  with  the 
increase  in  Mn  concentration.  This  indicates  the  increase  in  the  band-gap  (Eg)  of  the  alloy.  We 
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Fig. 3  Selected  area  diffraction  pattern  (SAD) 
from  10  pm  area  for  Zni.xMn.O  (x=0.15)  thin 
films  on  sapphire  (0001)  substrate.  The  white 
numbers  correspond  to  ZnMnO  and  the  black 
numbers  in  white  blocks  correspond  to 
sapphire. 


Fig.  4(a)  High-resolution  picture  of  single  Fig.  4(b)  IFFT  picture  from^Fig.  4(a).  Two 
crystal  Zn,.xMnxO(x=15)  film  grown  on  reflexes  (  12  10)  and  (01  10)  have  been 

sapphire  substrate.  niasl^d  in  corresponding  FFT  picture,  so  only 

(01  10)  planes  of  ZnMnO  and  (  12  10)  planes 
of  sapphire  arc  observed.  The  places 
corresponding  to  the  misfit  dislocations  are 
indicated  here. 


Fig.  5  Optical  absorbance  spectra  of  Zni.^MnxO  films.  Symbols  a,  b,  c,  d  and  e  correspond  to 
x=0.01,  0.05, 0.12,  0.18  and  0.25  respectively.  Absorbance  is  related  to  the  percentage 
transmittance  (T)  by  the  relation  absorbance=-Log(%T/100). 


Fig,6  DC  magnetization  vs.  Temperature  for  Zni-xMnxO  (x=0.05)  film. 

also  observed  significant  amount  of  midgap  absorption  in  these  films  which  is  similar  to  results 
of  other  groups  [5],  This  is  believed  to  be  due  to  the  charge-transfer  transition  between  donor  and 
acceptor  ionization  levels  of  Mn  ions  and  the  band  continuum  [5]. 
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DC  magnet  izal  ion  of  these  magnetic  films  was  measured  using  a  SQUID.  We  found  these 
films  to  be  paramagnetic  (see  Fig6).  No  evidence  of  any  long  range  ferromagnetic  ordering 
could  be  observed  in  any  of  these  films  down  to  10  K.  This  is  in  contradiction  with  the 
theoretical  predictions  of  Dietl  [8]  et  al.  Magnetic  susceptibility  (x=M/H)  data  fits  well  in  an 
expression  of  the  kind  X=)C't+C/T.  Bohr  magnetron  number  ‘p’  of  Mn  was  found  to  be  5.9  by 
using  expression  C=Np“)iBV3kB  for  curie  paramagnetism  [10],  which  gives  a  value  of  J~5/2 
consistent  with  the  doubly  ionized  ionic  state  of  Mn,  substituting  Zn  sites  in  the  Zui.^Mn^O 
lattice. 


CONCLUSION 

In  conclusion  we  have  prepared  high  quality  epitaxial  Zn,.,Mn,0  (x<0.36)  films  on 
sapphire  using  pulsed  laser  deposition  technique.  A  systematic  study  of  the  microstructural 
characterization  of  these  high  quality  epitaxial  films  showed  a  30"  rotation  of  the  film  with 
respect  to  the  substrate,  similar  to  Ill-nitride  and  pure  ZnO  growth  on  (0001)  sapphire  substrate. 
Both  the  c-axis  lattice  parameter  and  the  band  gap  Eg  arc  found  to  be  sensitive  functions  of  Mn 
content.  SQUID  measurements  showed  a  paramagnetic  behavior  and  no  ferromagnetic  ordering 
could  be  detected  in  any  of  these  films  down  to  10  K. 
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ABSTRACT 

We  describe  the  operation  of  lasers  having  active  regions  composed  of  InP  self- 
assembled  quantum  dots  embedded  in  Ino.5Alo.3Gao.2P  grown  on  GaAs  (100)  substrates  by 
MOCVD.  InP  quantum  dots  grown  on  Ino,5Alo.3Gao.2P  have  a  high  density  on  the  order  of  about 
1-2x10  cm'^  with  a  dominant  size  of  about  1 0- 1 5  nm  for  7.5  ML  growth  [  1  ]  These 
Ino.5Alo.3Gao.2P/InP  quantum  dots  have  previously  been  characterized  by  atomic-force 
microscopy,  high-resolution  transmission  electron  microscopy,  and  photoluminescence.[2]  We 
report  here  the  300K  operation  of  optically  pumped  red-emitting  quantum  dots  using  both  double 
quantum- dot  active  regions  and  quantum- dot  coupled  with  InGaP  quantum- well  active  regions. 
Optically  and  electrically  pumped  300K  lasers  have  been  obtained  using  this  active  region 
design;  these  lasers  show  improved  operation  compared  to  the  lasers  having  QD-based  active 
regions  with  threshold  current  densities  as  low  as  Jth  ~  0.5  KA/cm^. 

INTRODUCTION 

lll-phosphide  self-assembled  quantum-dot  (SAQD  or  simply  QD)  stmctures  having 
delta- functional  behavior  of  the  density  of  states  and  the  discrete  energy  levels  of  carriers 
induced  by  three-dimensional  quantum  confinement  offer  the  potential  to  realize  injection  lasers 
operating  in  the  visible  spectral  region  with  improved  performance  characteristics,  such  as  low 
threshold  current  density,  high  characteristic  temperature,  and  high  differential  gain  [3,4,5].  The 
direct  growth  of  coherently  strained  defect- fi-ee  self-assembled  quantum  dots  on  planar  substrates 
using  the  coherent  Stranski-Krastanow  (SK)  growth  mode  [6,7]  offers  the  potential  to  develop 
QD  visible  laser  devices  with  the  theoretically  predicted  and  experimentally  realized  improved 
performance.  Also,  the  SAQD  growth  process  can  overcome  the  limitation  of  lattice  matching 
between  the  substrate  and  epitaxial  active  region  due  to  the  intrinsic  strain- compUant  nature  of 
the  SK  growth  mode. 

ni-As  quantum  dot- related  stmctures  for  infrared  optoelectronic  applications  at  ?~1.3?m 
have  been  extensively  researched  for  growth  condition  optimization,  material  property 
characterization,  and  device  applications  including  lasers  in  the  infrared  spectral  region.  Since 
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the  first  demonstration  of  InAs  quantum  dot  lasers  [8],  a  great  deal  of  research  on  III- As  based 
quantum  dot  structures  have  led  to  quantum-dot  lasers  with  improved  threshold  current  densities 
and  characteristic  temperatures  [9]  as  compared  to  more  conventional  quantum- well  lasers. 

However,  in  comparison  to  the  III- As  material  system,  less  research  has  been  performed  in  the 
development  of  Ill-phosphide  SAQD  structures  for  applications  in  the  visible- light  spectral 
region.  Initially,  it  was  reported  that  the  properties  of  III-P  SAQDs  had  a  reduced  QD  density 
and  a  broader  size  distribution  than  those  of  the  III- As  SAQDs.  Due  to  the  “blue- shift”  effect  of 
the  emission  fiom  the  SAQDs  induced  from  multiple  orders  of  quantum  confinement  and 
compressive  strain  on  QDs,  there  is  the  potential  to  extend  the  wavelength  of  liglit  emitters  to  the 
yellow  or  green  spectral  regions  using  binary  and  ternary  Ill- Phosphide  SAQD  structures. 

In  the  past,  structures  with  active  regions  containing  InP  SAQDs  on  GaAs  substrates,  the 
QDs  have  generally  been  grown  on  Inf),49Ga().5 1 P  matrix  layers  by  MBE  [10, 1 1  ],  MOCVD 
[12,13],  or  by  hydride  vapor  phase  epitaxy  (VPE)  [14].  InP  SAQDs  embedded  in  Ii\j.49Gao.5iP 
grown  on  GaAs  (100)  substrates  grown  by  MOCVD  have  been  reported  to  yield  relatively  low 
densities  of  SAQDs  (~10^- 10*^  cm'“),  compared  to  III- As  SAQDs,  and  a  bimodal  size  distribution 
of  coherent  islands  has  been  reported,  InP  SAQDs  have  also  been  grown  on  GaP  substrates  [15] 
to  modify  the  strain  applied  to  InP  QE^;  however,  no  PL  emission  from  the  QDs  was  observed, 
possibly  due  to  the  expected  Type  II  conduction  band  alignments  in  this  system.  Moreover,  the 
growth  of  InP  SAQDs  is  not  as  well  developed  as  the  growth  of  I II- As  SAQDs  and  further 
investigation  is  required. 

To  improve  the  QD  density,  the  effect  of  different  matrix  layers  lattice- matched  to  GaAs 
substrates  having  larger  bandgap,  such  as  Ir>).4i)(AI,Gai..v)o.5iP  (a=0.3,  0.6,  1 .0),  needs  to  be 
studied  to  improve  the  carrier  confinement.  Furthermore,  a  different  matrix  material  system  is 
expected  to  change  the  morphology  and  growtli  characteristics  of  the  InP  SAQDs.  Additionally, 
the  matrix  material  affects  the  optical  properties  of  SAQD  structures.  Recently,  we  studied  the 
growth  of  InP  SAQDs  on  InAlGaP  matrix  layers  and  the  effect  of  coupling  quantum  dot  states 
with  the  electronic  states  of the  InGaP  quantum  well  [20,21 ,22,23]. 

EXPERIMENT 

In  the  present  study,  InP  SAQD  growth  conditions  arc  employed  which  have  been 
optimized  with  various  matrix  layers  with  regards  to  QD  size,  uniformity,  and  density  as  well  as 
optical  quality  to  fabricate  InP  QD  based  laser  operating  in  visible  light  spectral  region  with 
improved  characteristics,  InP  quantum  dots  coupled  to  InGaP  quantum  wells  have  been  studied. 
These  lasers  have  lased  CW  optically  and  pulsed  electrically  pumped  at  77K  and  300K.  QD 
material  and  optical  properties  are  characterized  by  atomic  force  microscopy  (AFM), 
photoluminescence  (PL),  and  high- resolution  transmission  electron  microscopy  (TEM). 

The  InAlGaP/InP  QD  and  laser  structures  in  this  work  were  grown  by  low-pressure  metalorganic 
chemical  vapor  deposition  (MOCVD)  in  an  EMCORE  Model  GS3200  UTM  rotating  disk  reactor 
at  ^'60  Torr  using  a  H2  ambient.  The  group  III  precursors  used  arc  trimethylindium  (TMIn), 
trirnethylalurninum  (TMAl),  and  triethylgallium  ^EGa);  tlie  group  V  hydride  sources  are  arsine 
(AsHs)  and  phosphine  (PH3).  Disilane  (SfeH^)  is  used  as  a  source  of  Si  for  «-type  doping  and 
bis-cyclopentadienyl  magnesium  (Cp2Mg)  is  used  for p-type  (Mg)  doping.  The  growth  was 
preformed  simultaneously  on  tw'O-inch  diameter  GaAs: Si  (100)  on- axis,  (100)  - 10?  <1 1 1>A,  and 
(100)  -15?  <11 1>A  substrates. 
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The  surface  morphology  of  SAQDs  is  characterized  by  tapping- mode  AFM  on  the 
exposed  QD  samples  to  determine  the  QD  average  (or  dominant)  size,  density,  and  uniformity. 

The  QD  size  is  expressed  in  terms  of  the  height  as  measured  by  AFM.  The  density  is  taken  from 
the  multiple  sets  of  relatively  large  area  AFM  scans.  To  evaluate  the  morphology,  the 
Ino.5Alo.5P/InP  QD  structure  used  consists  of  an  Ino.49(AkGai.;r)o.5iP  lower  matrix  layer  (250  nm 
thick)  followed  by  an  InP  QD  active  layer  all  grown  on  a  GaAs  buffer  layer/GaAs:Si  (100) 
substrate.  Following  the  QD  deposition,  the  growth  is  terminated  and  the  wafer  is  cooled  down 
under  a  PH3  overpressure  to  prevent  desorption.  The  lattice  parameters  of  the  Ino.49(AlvGai- 
ji:)o.5iP  (jc=0.3, 0.6, 1.0)  matrix  layers  are  analyzed  using  a  Rigaku  high- resolution  five  double¬ 
crystal  X-ray  diffractometry  (using  a  four- crystal  monochromator)  to  determine  the  degree  of 
lattice  matching  to  the  substrate.  For  lattice- matched  matrix  layers,  the  epitaxial  layers  are 
calibrated  to  have  less  than  -200  arc-seconds  of  angle  separation  relative  to  the  GaAs  substrate 
measured  from  an  (004)  X-ray  rocking  curve.  This  is  done  in  order  to  minimize  the  strain  effect 
from  the  matrix  layer  on  the  growth  of  active  QD  layer.  The  optical  properties  of  friP  SAQDs 
embedded  in  various  matrices  are  characterized  by  room- temperature  and  low- temperature  PL. 
For  the  PL  measurements,  a  ?~488  nm  excitation  source  from  an  Ar"^  laser  operating  at  a 
constant  power  density  (50  -  200  mW)  and  a  GaAs  photomultiplier  with  a  GaAs  photocathode 
are  used.  For  these  quantum-dot  heterostructures  (QDHs),  the  Ino.49(AlvGai..,:)o.5iP  upper  matrix 
layer  is  grown  on  the  InP  SAQD  layer  with  a  certain  post- purge  time  after  the  completion  of 
SAQD  layer  deposition.  TEM  is  also  used  to  study  the  microscopic  morphology  and  material 
quality  of  individual  QDs  with  and  without  upper  matrix  layer,  as  shown  in 

The  InP  SAQD  growth  conditions  are  optimized  by  altering  the  growth  temperature, 
growth  time,  and  V/EH  ratio.  The  growth  temperature  of  the  QDs  is  optimized  at  650°C  for  1 
minute  (7.5  ML)  with  a  V/TH  ratio  ~2, 100.  The  estimated  nominal  growth  rate  of  InP  has  been 
reduced  to  ~0.125  monolayer/sec  (ML/s),  as  calibrated  by  measuring  the  thickness  of  a  thin  InP 
planar  layer  using  glancing  grazing  incidence  X-ray  reflectivity. 

METHODS  USED 

In  this  study,  we  report  some  of  the  characteristics  of  the  InP  SAQDs.  We  also  report  the 
device  results  of  optically  and  electrically  pumped  lasers  based  on  these  InP  SAQDs.  The  InP 
QD  growth  studies  are  performed  by  altering  growth  temperatures  and  times  and  using  various 
Ino.49(AlcGai.,v)o.5iP  matrices  (x=0.0,  0.3,  0.6,  and  1.0).  The  morphology  changes  of  the  exposed 
SAQDs  depend  on  the  growth  time  and  the  matrix  material,  and  are  characterized  by  atomic 
force  microscopy  (AFM).  Photoluminescence  (PL)  spectra  were  taken  at  4K  and  300K  to 
determine  the  light- emitting  characteristics  of  the  InP/Ino.49(AlrGai..()o.5iP  quantum-dot 
heterostmctures  (QDHs).  4K  PL  spectra  from  the  InP  SAQDs  embedded  in  Irx).49(AlvGai  ..r)o.5iP 
cladding  layers  exhibit  PL  emission  in  the  visible  orange  and  red  spectral  regions,  as  shown 
below.  Also,  transmission  electron  microscopy  is  used  to  characterize  the  microscopic  material 
quality  and  morphology  of  the  individual  QD  and  the  interfaces  between  SAQD  and  cladding 
layers. 

RESULTS  OBTAINED 

AFM  studies  of  InP  SAQDs  grown  on  InAlGaP  matrix  layers  have  shown  that  under 
some  conditions,  a  relatively  high  density  of  small  quantum  dots  is  produced,  as  described  in 
Figure  1 .  As  the  QD  growth  proceeds  with  longer  deposition  times,  the  average  QD  height  (and 
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base  width)  increases  and  the  average  density  correspondingly  decreases.  Our  work  has 
concentrated  on  the  7.5 ML  effective  QD  thickness  where  the  size  and  density  appear  to  be 
optimal  for  light  emitting  properties  determined  by  PL. 


QD  height  (nm) 


Figure  1 :  Variation  of  height  and  density  vs.  nominal  layer  thickness  for  InP  SAQDs. 

The  4K  PL  intensity  vs.  wavelength  spectra  for  lnP/Ir\).49(Alo.6Gao.4)o.5tP  QDHs  grown 
for  different  deposition  times  is  shown  in  Figure  2.  The  PL  spectral  peak  position  changes  from 
591  nm  (2.10  eV  for  3.75  MLs),  to  653  nm  (1.90  eV  for  7.5  MLs)  and  681  nm  (1.82  eV  for  15 
ML),  as  the  deposition  time  increases.  This  PL  emission  is  at  a  lower  energy  than  that  observed 
from  comparable-sized  InP  QDs  embedded  in  lnf).4QAl(),5i  P. 
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Figure  2:  4K  PL  spectra  of  InP  SAQDs  embedded  in  InAIGaP  cladding  layers  grown  at 
650  for  various  deposition  times. 


However,  InP/Ino.49(A]t>  6Gay.4)(),5iP  QDHs  exhibit  more  efficient  luminescence  than 
InP/Ino.49Alo.5i  P  QDHs  at  room  temperature,  possibly  due  to  better  electron  confinement. 

TEM  studies  of  the  InP  SAQDs  have  shown  the  dislocatioivfree  structure  of  single-  and 
multiple- layer  QDHs  and  the  vertical  alignment  achieved  for  multiple  QD  layers,  as  shown  in 
Figure  3.  These  InP  QD  active  regions  have  been  incorporated  into  various  separate- 
confinement  laser  active  regions.  In  the  present  work,  we  have  grown  three  types  of  quantum- 
confined  “red-emitting"  active  region  laser  structures  on  GaAs  sub.strates:  (1)  single-  and 
multiple-QDHs;  (2)  single-QW  active- region  QDHs;  and  couples  QD+QW  stnictures  and 
compared  the  300K  and  77K  PL  emission,  as  shown  in  Figure  4.  Recently,  we  have  described 
the  effects  of  coupling  of  the  InP  QD  states  to  the  electronic  states  of  InGaP  quantum  wells 
grown  below  and  above  the  quantum  dots,  resulting  in  the  coupling  of  the  quantum  dots  through 
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electronic  states  in  the  quantum  wells  [24],  Optically  and  electrically  pumped  300K  lasers  using 
QD+QW  active  regions  have  been  obtained  using  this  unique  design;  these  lasers  show  improved 
operation  compared  to  lasers  having  QD- based  active  regions  with  pulsed  300K  threshold 
current  densities  J,/,  ~1.5  KA/cm^,  as  shown  in  Figure  5.  By  optimizing  the  coupling  between  the 
quantum  well  and  the  quantum- dots,  other  QD+QW  laser  devices  have  been  grown  that  exhibit 
pulsed  Jth  values  at  300K  as  low  as  ~0.5  KA/cm^. 


Figure  3;  TEM  micrograph  of  stacked  InP  SAQDs. 


Energy  (eVs 


Wavelength  (nm) 


780 


700 

Wavelengui  (nm) 


6?0 


Figure  4:  PL  spectra  for  InAlP-InAlGaP-InP  Figure  5  :  LiAlP-InAlGaP-InP  QD+QW  300K 
QW,  QD,  QD+QW  samples.  electrically  pumped  optical  spectra. 


CONCLUSIONS 

In  summary,  we  have  grown  and  characterized  InP  SAQDs  embedded  in  Ino.49(ALGai . 
;c)o,5iP  matrices  (x=0.0,  0.3,  0.6,  and  1.0).  The  InP  SAQDs  grown  at  650C  exhibit  uniform 
morphology  with  a  5-10  nm  dominant  height  and  ~2xl0i0  cnr2  density  for  7.5  ML.  As  the 
deposition  time  increases,  the  QD  size  increases,  while  tie  density  decreases  slightly,  and  the  PL 
peak  position  shifts  to  lower  energy.  For  InP/Ino.5Gao.5P/Ino.49(AL.6Gao.4)o.5iPdno.49Alo.5iP 
SQD+SQW  injection  lasers,  we  have  achieved  electrically  pumped  lasing  at  681  nm  at  300  K 
with  reduced  threshold  current  densities  as  low  as  0.5  KA/cirf.  We  believe  this  approach  is 
applicable  to  other  QD  laser  materials  systems. 
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ABSTRACT 

A  series  of  ZnO  thin  films  with  various  deposition  temperatures  were  prepared  on  (100) 
GaAs  substrates  by  radio-frequency  magnetron  sputtering  using  ZnO  target.  The  ZnO  films 
were  studied  by  field  emission  scanning  electron  microscope(FESEM),  x-ray  diffraction(XRD), 
photoluminescence(PL),  cathodoluminescence(CL),  and  Hall  measurements.  The  structural, 
optical,  and  electrical  properties  of  the  films  were  discussed  as  a  function  of  the  deposition 
temperature.  With  increasing  temperature,  the  compressive  stress  in  the  films  was  released  and 
their  crystalline  and  optical  properties  were  improved.  From  the  depth  profile  of  As  measured 
by  secondary  ion  mass  spectrometry(SIMS),  As  doping  was  confirmed,  and,  in  order  to  activate 
As  dopant  atoms,  post-annealing  treatment  was  performed.  After  annealing  treatment,  electrical 
and  optical  properties  of  the  films  were  changed. 

INTRODUCTION 

Recently,  zinc  oxide  (ZnO)  has  been  emerged  as  an  attractive  material  for  application  to 
the  optical  devices  such  as  blue-,  violet-,  and  UV-light  emitting  diodes(LEDs)  and  laser 
diodes(LDs)  [1].  ZnO  has  very  strong  spontaneous  emissions  from  bound  excitons  even  at 
room  temperature  due  to  the  large  exeiton  binding  energy  of  ~60  meV,  as  well  as  has  structural 
and  optical  properties  similar  to  GaN  widely  used  to  optical  devices  in  present.  Also,  ZnO  has 
high  cohesive  energy  and  melting  temperature  due  to  the  high  Zn-O  bond  strength,  resulting  in 
high-temperature  stability  during  process  [2,3]. 

For  development  of  optical  devices  based  on  ZnO,  GaAs  can  be  used  as  a  useful  substrate 
material  and  it  is  attributed  to  the  possibility  of  high  level  of  monolithic  system  through  the 
integration  of  optical  components [4],  In  addition,  GaAs  can  be  used  as  a  p-type  dopant  source 
in  ZnO  film,  which  is  essential  to  application  of  ZnO  for  optoelectronic  devices  [5].  However, 
because  of  the  problems  related  to  thermal  stability  and  stress  due  to  large  lattice  mismatch  of 
about  19  %  between  ZnO  and  GaAs,  a  few  studies  of  ZnO  thin  film  on  GaAs  have  been 
reported  [6-9].  In  general,  it  has  known  that  thin  films  composed  of  polycrystalline  structures 
are  diffieult  to  apply  for  optical  devices  due  to  the  poor  optical  property  originated  from  defect- 
related  deep-level  emissions[10]. 

In  this  study,  we  report  on  the  effects  of  deposition  temperature  on  properties  of  ZnO  thin 
films  prepared  on  GaAs  (100)  by  rf  magnetron  sputtering.  Then,  effeets  of  post-annealing 
treatment  for  ZnO  films  were  discussed  through  Hall  and  PL  measurements. 

EXPERIMENTAL  DETAILS 

ZnO  films  were  deposited  by  radio  frequency(rf)  magnetron  sputtering.  A  2-in.  diameter 
and  5-N  purity  ZnO  target  were  used  to  deposit  the  films.  The  substrates  used  were  semi- 
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insulating  (100)  GaAs  wafers.  The  sputtering  chamber  was  evacuated  to  2X10"^’  Torr  before 
sputtering.  The  ambient  gases  used  were  the  mixed  Ar  and  02(1:1)  and  the  working  pressure 
was  fixed  at  1 X 10  “  Torr.  In  order  to  investigate  the  effects  of  the  deposition  temperature  on  the 
properties  of  ZnO  film,  a  series  of  films  prepared  at  different  temperatures  between  room 
temperature(R.T.)  and  450  °C.  The  thicknesses  measured  by  a-step  were  in  the  ranges  of  0.7  ~ 

1  /an.  After  deposition,  the  surface  morphology  of  the  films  was  monitored  by  field  emission 
scanning  elecuon  microscope  (FESEM),  and  the  crystallinity  of  the  films  was  investigated  by 
X-ray  diffraction  (XRD).  To  investigate  the  optical  properties  of  ZnO  films,  photoluminescence 
(PL)  and  cathodoluminescence  (CL)  measurements  were  performed  at  R.T.  In  PL 
measurements,  an  excitation  source  was  Ar  laser  with  a  wavelength  of  352  nm  and  a  power  of 
100  mW.  The  electrical  properties  of  the  ZnO  films  were  determined  by  Van  der  Paw  Hall 
measurements.  For  the  films  deposited  at  350  and  450  C,  post-annealing  treatment  was 
performed  at  500  "C  for  2  hours  in  vacuum  to  activate  As  dopants,  and  their  electrical  and 
optical  properties  were  investigated  by  Hall  and  PL  measurements. 

DISCUSSION 

Figure  1  shows  FESEM  images  from  ZnO  films  deposited  at  different  temperatures.  The 
images  showed  all  films  consist  of  columnar  grains  perpendicular  to  substrates.  It  was  clearly 
observed  that  the  shape  of  the  grains  changed  from  needle  to  hexagonal  and,  as  deposition 
temperature  increased,  the  grain  size  of  the  films  became  larger  due  to  the  grain  growth. 

Figure  2  shows  the  root-mean-square(rms)  roughness  as  a  function  of  deposition 
temperature  measured  by  atomic  force  microscopc(AFM)  in  the  5x5  /mi^arca.  It  was  observed 
that  the  rms  roughness  increased  with  increasing  temperature,  and  it  is  attributed  that  the  film 
surface  became  rough  due  to  grain  growth  as  shown  in  Fig. I.  This  fact  indicates  that  deposition 
temperature  significantly  affects  on  the  surface  morphology  of  the  films. 

Figure  3  shows  0-26  XRD  patterns  of  ZnO  films  deposited  at  different  deposition 
temperatures  (Td).  The  peak  intensities  and  dominant  peak  position  were  varied  as  different  Tp. 
It  is  notable  that  ZnO  films  deposited  at  room  temperature  were  predominantly  deposited  along 
(0002)  direction  and  the  peak  intensity  was  relatively  strong  compared  to  the  films  deposited  at 
250  ‘C  and  350  "C,  and  its  position  was  shifted  toward  the  lower-angle  side  than  that  of  ZnO 
film  deposited  at  450  °C.  The  diffraction  from  (lOT  1)  plane  was  dominant  for  the  films 
deposited  at  250  *C,  whereas,  as  deposition  temperature  increases,  the  diffraction  from  (0002) 
plane  became  dominant.  The  c-axis  lattices  constant  of  the  ZnO  calculated  from  Bragg 


Figure  1.  SEM  image  of  the  ZnO  films  deposited  at  different  temperatures 
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condition  for  the  (0002)  plane  are  5.226  A  for  the  film  deposited  at  room  temperature  and 
5.208  A  for  450  'C.  Compared  with  the  lattice  constant  of  a  bulk  single  crystal  ZnO,  5.207  A, 
it  can  be  explained  that  the  film  deposited  at  room  temperature  is  under  compressive  stress,  but 
the  stress  of  the  film  was  almost  relaxed  for  the  film  deposited  at  450  °C  [13]. 

In  order  to  study  the  optical  properties  of  the  ZnO  films,  photoluminescence(PL) 
measurements  were  performed  at  room  temperature,  and  the  results  are  shown  in  Figure  4.  It 
was  observed  that  all  films,  except  the  film  deposited  at  room  temperature,  showed  both  the 
near  band-edge  emission(NBE)  at  -3.26  eV  and  the  deep-level  emission  around  -2.9  eV.  It  is 
known  that  the  near  band-edge  emission  corresponds  to  the  recombination  of  excitons  bound  to 
donors.  However,  the  origin  of  the  deep-level  emission  is  not  clearly  understood  yet.  It  might 
be  attributed  to  both  native  defects  like  oxygen  vacancies  and  impurities  unintentionally 
introduced  during  the  film  deposition[14,15].  With  increasing  deposition  temperature,  intensity 
of  the  band-edge  emission  was  increased,  and  the  PL  intensity  ratio  of  NBE  emission  to  the 
defect  level  emission  was  -8.  Considering  that  the  epitaxial  ZnO  films  grown  by  MOCVD 
have  the  ratio  less  than  1  and  the  films  grown  by  MBE  have  5-20  [15,16].  It  is  thought  that  the 
films  in  this  study  have  relatively  low  defect  levels. 


2  Theta  (deg.) 


Figure  3.  XRD  patterns  of  the  films  with  different  deposition  temperatures. 
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Figure  4.  PL  spectra  of  the  ZnO  films  deposited  at  different  temperatures. 

Cathodoluminescencc  (CL)  measurements  were  also  performed  to  investigate  further 
optical  properties  of  the  films.  Figure  5  shows  the  CL  spectra  of  the  ZnO  films  deposited  at 
room  temperature  and  450  C.  The  films  deposited  at  room  temperature  exhibited  the  visible 
emission  peak  located  at  2.0  eV  without  band-edge  emission.  On  the  other  hand,  a  strong  near 
band-edge  emission  at  3.28  eV  was  observed  at  450  *C.  The  emission  at  2.0  eV  was  associated 
with  defect  level  in  ZnO  films.  However,  the  observation  of  a  strong  NBE  for  the  films 
deposited  at  450  °C  implies  that  they  are  optically  high-quality. 

In  order  to  investigate  the  dopant  distribution  in  the  films,  SIMS  analysis  was  carried  for 
the  films  deposited  at  350  °C  and  450  °C,  and  the  results  arc  shown  in  Figure  6.  The  plots 
show  that  the  considerable  amounts  of  As  and  Ga  atoms  are  diffused  into  the  as-grown  ZnO 
films  from  GaAs  substrates.  As  deposition  temperature  increased  from  350  to  450  °C,  the 
concentrations  of  these  atoms  were  increased  due  to  the  increase  of  vapor  pressure.  Vapor 
pressure  of  Ga  is  much  lower  than  that  of  As  below  500 °C,  and  this  caused  the  difference  of 
doping  concentration  between  Ga  and  As  atoms.  It  is  notable  that  these  impurities  are 


Figure  5.  CL  spectra  of  the  ZnO  films  deposited  at  room  temperature  and  450  “C 
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Figure  6.  SIMS  profiles  of  the  ZnO  films  deposited  at  350  °C  and  450  °C 

uniformly  distributed  through  the  ZnO  films,  and  the  As  atom  concentration  is  a  factor  10 
higher  than  the  Ga  concentration.  The  SIMS  results  indicate  that  the  As  doping  method  using 
GaAs  substrate  might  be  useful  for  the  formation  of  p-type  ZnO  thin  films.  However,  all  as- 
grown  films  showed  electrically  insulating  properties  with  high  contact  resistance  (>25  MQ). 
Considering  that  the  films  exhibited  the  high  resistvity,  it  is  thought  that  the  doped  As  atoms 
were  not  electrically  activated  due  to  insufficient  activation  energy. 

In  order  to  activate  As  dopants,  post-annealing  treatment  at  500  "C  was  performed  for 
the  films  deposited  at  350  °C  and  450  °C.  After  2-hr  annealing  treatment,  the  film  deposited 
at  350  ‘C  showed  no  change  in  electrical  properties  whereas  the  film  deposited  at  450  “C 
showed  n-type  characteristics  with  electron  concentration  of  3xl0'*^  /cm^  and  resistivity  of 
9.65x10'^  n-cm. 

However,  a  significant  change  of  optical  properties  was  observed  after  post-annealing 
treatment.  Figure  7  shows  the  room-temperature  PL  spectra  of  ZnO  films  deposited  at  350  °C 
and  450  'C  after  annealing  treatment  at  500  °C.  For  the  film  deposited  at  350  °C,  the 
intensity  of  NBE  at  3.28  eV  was  much  stronger  than  that  of  the  as-grown  films  and  this 


Figure  7.  PL  spectra  of  ZnO  films  deposited  at  350  "C  and  450  °C  after  annealing  treatment 
at  500  °C 
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indicates  improvement  in  optical  properties.  For  the  film  deposited  at  450  “C,  however,  the 
peak  intensity  related  to  the  donor-to-acceptor  pair  (DAP)  transition  at  2.9  eV  is  increased. 
Therefore,  it  is  thought  that  annealing  treatment  activate  As  dopants  which  act  act  as  acceptors. 

CONCLUSION 

ZnO  films  were  deposited  on  GaAs(lOO)  substrates  by  rf  magnetron  sputtering.  As 
deposition  temperature  increa.sed,  grain  growth  of  the  films  was  observed  from  SEM  images. 
The  results  of  XRD  analysis  showed  the  change  of  preferred  orientations  of  the  film  growth 
and  the  relaxation  of  stress  in  the  films  with  increasing  deposition  temperature.  CL 
measurement  showed  that,  for  the  films  deposited  at  R.T.,  only  defect-related  deep-level 
emission  wa.s  observed  while,  for  the  films  deposited  at  450  'C,  a  strong  NBE  was  observed, 
implying  they  are  optically  high-quality. 

After  annealing  treatment  for  activating  As  dopants,  the  films  deposited  at  450  'C 
exhibited  smaller  resistivity  than  that  of  the  as-grown  films,  although  they  showed  n-type 
characteristics  with  3xl0'**  /cm^  of  carrier  concentration.  In  PL  spectra  of  the  films,  DAP 
transition  at  2.9  eV  was  dominant  due  to  the  activation  of  As  dopants,  which  suggests  the 
possibility  of  p-type  doping  of  ZnO  films  when  GaAs  substrate  is  employed. 
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ABSTRACT 

This  report  describes  the  growth  of  single-crystalline  ZnO  films  on  Si  (111)  substrates  by 
plasma-assisted  molecular-beam  epitaxy.  X-ray  diffraction  measurement  shows  that  c-axis 
oriented  ZnO  films  are  easily  grown  on  Si  (111)  substrates.  However,  in-plane  random  rotational 
domains  are  included  in  the  ZnO  films  due  to  the  inevitable  oxidation  of  substrate  surface  at  the 
initial  stage  of  ZnO  growth.  By  employing  a  thin  CaF2  buffer  layer  between  the  ZnO  films  and  Si 
substrates,  we  have  succeeded  in  suppressing  the  generation  of  rotational  domains  and  in 
obtaining  an  intense  ultraviolet  photoluminescence  even  at  room  temperature.  These  results 
indicate  that  the  use  of  CaF2  buffer  layer  is  promising  for  the  growth  of  device-quality  ZnO  films 
on  Si  (111)  substrates. 


INTRODUCTION 

Wide  and  direct  band-gap  semiconductor  ZnO  has  attracted  much  attention  to  the 
room-temperature  operating  ultraviolet  lasers  and  sensors  because  of  its  large  exciton  binding 
energy  of  about  60  meV  [1].  To  integrate  these  optoelectronic  devices  with  Si-base  electrical 
circuitry,  however,  high-quality  ZnO  growth  on  Si  substrates  is  a  key  issue  although  the  direct 
growth  is  apt  to  yield  in-plane  rotational  domains  by  the  oxidation  of  substrate  surface  at  the 
initial  stage  of  ZnO  growth  [2].  Recently,  Iwata  et  al.  demonstrated  that  the  plasma-assisted 
nitridation  of  Si  substrate  prior  to  ZnO  growth  was  effective  to  suppress  the  oxidation  of  Si 
surface  although  in-plane  30°  rotational  domains  still  remained  in  the  ZnO  films  [2].  We  notice 
the  use  of  CaF2  buffer  layer  as  an  alternative  way  to  suppress  the  oxidation  of  Si  surface.  This 
idea  is  promoted  by  the  recent  work  of  Ko  et  al.  that  reports  the  growth  of  single-crystalline  ZnO 
(0001)  films  on  bulk  CaF2  (111)  substrates  using  plasma-assisted  molecular-beam  epitaxy  (MBE) 
[3].  In  this  heterosystem,  the  epitaxial  relationship  is  reported  to  be  [21 10]  ZnO  (0001)  //  [  110  ] 
CaF2  (1 1 1)  [3].  Due  to  the  close  lattice  matching  of  about  0.6  %  between  CaF2  (111)  and  Si  (1 11), 
we  can  expect  single  crystalline  MBE  growth  for  the  CaF2  buffer  layer  [4,5].  In  this  paper,  we 
report  the  effect  of  CaF2  buffer  layer  on  the  ZnO  films  grown  on  Si  (1 1 1)  substrates. 


EXPERIMENTAL  PROCEDURE 

The  growth  in  this  experiment  was  carried  out  using  an  Epiquest-MBE  system  equipped 
with  effusion  K-cells  for  Zn  and  CaF2  sources  and  an  rf-plasma  cell  for  oxygen  radical  source. 
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The  growth  process  was  in-situ  monitored  by  a  reflection  high-energy  electron  diffraction 
(RHEED)  system  operated  at  15  KV.  Compound  CaF2  with  a  purity  of  4  was  used  for  the  CaFz 
growth,  and  elemental  Zn  with  a  purity  of  7  A/  and  oxygen  gas  with  a  purity  of  6  N  were  used  for 
the  ZnO  growth.  ( 1 1 1  )-oriented  p-type  (~0.0I  Hem)  Si  was  used  as  the  substrates.  The 
substrates  were  degreased  in  toluene,  acetone,  and  ethylalcohol,  and  then  boiled  in  HNOi  bath  at 
130“C  for  5  minutes.  Subsequently,  we  dipped  the  substrates  in  a  solution  of  50  %  HF  for  20 
minutes  to  remove  the  native  oxide  on  the  surface,  and  then  thoroughly  rinsed  them  in  de-ionized 
water  after  dipping  in  a  solution  of  NH4F  for  2  minutes.  This  chemical  process  is  known  to  be 
effective  to  prepare  a  hydrogen-terminated  surface  with  the  flatness  in  an  atomic  scale  [6].  By  an 
immediate  mounting  on  a  substrate  holder  and  loading  in  the  MBE  growth  chamber,  the  clean 
surface  of  Si  with  7x7  reconstruction  was  obtained  in  the  growth  chamber  after  elevating  the 
substrate  temperature  up  to  800°C.  During  ZnO  growth,  oxygen  flow  rate  and  rf  power  were  kept 
at  0.30  cem  and  350  W,  respectively.  The  base  pressure  was  -5x10’^  Pa  and  the  working  pres.sure 
during  ZnO  growth  was  ~lx  10“^  Pa  in  the  growth  chamber. 

In  Fig.  I,  (a)  and  (b)  show  the  schematics  of  the  sample  structures  with  and  without  a  CaF2 
buffer  layer,  respectively.  We  compare  these  two  different  samples  on  structural  and  optical 
properties.  The  ZnO  film  of  sample  (b)  is  directly  grown  on  the  Si  clean  surface  without  the 
insertion  of  CaF2  buffer  layer.  The  ZnO  film  of  sample  (a),  on  the  other  hand,  is  grown  on  a 
30-nm-thick  CaF2  buffer  layer.  This  CaF2  buffer  layer  was  grown  at  650°C  on  the  Si  clean 
surface  at  a  rate  of  60  nm/h.  The  orientation  of  the  resulted  CaF2  layer  was  (111)  in  agreement 
with  that  of  Si  substrate.  Then  the  CaF2  buffer  layer  was  exposed  to  a  defocused  electron  beam 
(15  KV,  ~25  pA)  from  the  RHEED  gun.  This  exposure  to  electron  beam  was  performed  to 
remove  the  uppermost  fluorine  atoms  and  to  generate  fluorine  vacancies  on  the  CaF2  surface 
[4,5].  Since  fluorine-deficient  CaF2  surface  is  more  energetically  active  [4,5,7],  we  expected  the 
electron-beam  exposure  to  enhance  the  wettability  for  ZnO  growth. 


(a)  with  CaF,  buffer  layer  (b)  without  CaF2  buffer  layer 

Figure  1.  Schematics  of  two  different  ZnO/Si  (111)  heterostructures, 
(a)  and  (b)  are  the  ZnO  films  with  and  without  a  CaF2  buffer  layer,  respectively. 
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For  both  samples,  the  ZnO  films  of  initial  10-nm-thick  were  deposited  at  250°C  using  a 
growth  rate  of  200  nm/h  to  promote  the  nucleation  of  epitaxial  growth  [3].  After  this 
low-temperature  (LT)  ZnO  growth,  the  substrate  temperature  was  elevated  once  up  to  750°C 
under  a  Zn-beam  irradiation  to  experience  the  LT-ZnO  films  an  in-situ  thermal  annealing.  Then 
we  cooled  down  the  substrate  temperature  to  500°C,  and  grew  a  high-temperature  (HT)  ZnO 
layer  of  600  nm  using  a  growth  rate  of  400  nm/h.  We  expected  the  combination  of  LT-ZnO 
growth  and  in-situ  thermal  annealing  to  improve  both  the  crystalline  quality  and  surface 
morphology  of  the  ZnO  films. 

After  the  growth,  these  samples  were  characterized  by  atomic  force  microscopy  (AFM)  in 
air,  x-ray  diffraction  (XRD)  using  Cu-Ka  radiation,  and  photoluminescence  (PL)  using  the  325 
nm  line  of  a  20  mW  He-Cd  laser  as  the  excitation  source. 


RESULTS  AND  DISCUSSION 

In  Figure  2,  (a)  and  (b)  show  the  RHEED  patterns  during  growth.  As  seen  from  the  pattern 
(1)  of  Figs.  2  (b),  7x7  streaks  were  observed  from  the  surface  before  growth,  indicating  the  clean 
and  flat  surface  of  the  Si  (111)  substrate  [6].  When  the  LT-ZnO  was  directly  grown  on  the  Si 
clean  surface,  the  streak  7x7  pattern  immediately  changed  into  a  ring  pattern  of  which 
dependence  on  the  direction  of  incident  electron  beam  was  not  observed.  This  ring  pattern 
essentially  continued  till  the  end  of  HT-ZnO  growth  as  shown  by  the  patterns  (2)  to  (4)  of  Figs.  2 
(b),  although  a  little  change  to  a  spotty  pattern  was  observed  for  the  surface  after  HT-ZnO  growth. 
These  results  indicate  that  polycrystalline  or  in-plane  rotational  domains  are  easily  included  in 
the  ZnO  layer  due  to  the  formation  of  amorphous  Si-oxide  on  the  Si  surface. 

On  the  contrary,  a  six-fold-symmetry  pattern  was  observed  when  the  LT-ZnO  was  grown  on 
the  CaF2  buffer  layer.  At  the  very  beginning  of  the  LT-ZnO  growth,  a  diffused  spotty  pattern  like 


(b)  without  the  CaF2  buffer  layer 


Figure  2.  RHEED  patterns  observed  from  the  samples  with  and  without  the  CaF2  buffer 
layer.  In  both  series  (a)  and  (b),  for  the  samples  with  and  without  the  CaF2  buffer  layer, 
(1)  to  (4)  correspond  to  the  surfaces  before  the  LT-ZnO  growth,  after  the  LT-ZnO  growth, 
after  the  annealing,  and  after  the  HT-ZnO  growth,  respectively. 


(2)  in  Figs.  2  (a)  appeared.  The  rod-spacing  of  the  LT-ZnO  is  ~16  %  wider  than  that  of  the  CaFs 
buffer  layer,  which  is  in  good  agreement  with  the  difference  in  lattice  constants  between  these 
two  bulk  materials,  suggesting  the  strain-free  growth  of  the  ZnO  epilayer.  By  the  in-situ 
annealing  at  750°C,  this  diffused  spotty  pattern  was  changed  to  a  streaky  one.  The  sharp  streaks 
in  the  pattern  (4)  of  Figs.  2  (a),  from  the  surface  after  the  HT-ZnO  growth,  indicate  that  both 
crystalline  quality  and  surface  morphology  are  dramatically  improved  by  the  use  of  the  CaF2 
buffer  layer. 

It  was  revealed  by  AFM  measurement  that  a  typical  root-mean-square  (rms)  roughness  of 
the  CaFs  surface  was  -0.48  nm  in  10x10  pm^  area.  In  agreement  with  the  RHEED  observation, 
the  surface  morphology  became  rough  (rms  roughness  -  4.0  nm)  after  the  LT-ZnO  growth  on  the 
CaF2  buffer  layer.  However,  it  was  improved  to  be  -2.5  nm  after  the  HT-ZnO  growth.  Although 
similar  improvement  was  also  experienced  by  the  sample  without  the  CaF2  buffer  layer,  the 
resulted  morphology  of  the  HT-ZnO  surface  was  inferior  (rms  roughness  -  3.3  nm)  to  that  of  the 
sample  with  the  CaF2  buffer  layer. 

In  order  to  study  their  structural  quality,  we  measured  XRD  of  these  two  different  samples. 
In  Fig.  3  of  B-l-d  scan,  (a)  and  (b)  of  which  correspond  to  those  in  Fig.  1,  two  intense  peaks 
located  at  34.5°  and  72.5°  in  both  spectra  closely  agree  with  the  (0002)  and  (0004)  reflections 
from  bulk  ZnO,  respectively.  Since  other  peaks  related  to  ZnO  are  not  observed,  both  ZnO  films 
with  and  without  the  CaF2  buffer  layer  are  considered  to  be  highly  c-axis  oriented  on  the  Si 
substrates.  However,  we  found  a  large  difference  between  these  two  samples  in  the  in-plane 
crystalline  quality  by  using  the  pole-figure  measurement  of  XRD  in  the  { 1010  )  diffraction.  Note 
that  0-20dififraction  only  reflects  in-depth  crystalline  quality.  In  Fig.  4  of  pole-figures,  (a)  and  (b) 


20  40  60  80 

20  (degree) 

Figure  3.  X-ray  diffraction  spectra  in 
the  6-26  configuration  from  the  ZnO 
films  (a)  with  and  (b)  without  the  CaF2 
buffer  layer. 


(b)  without  the  CaF,  buffer  layer 


Figure  4.  Pole-figures  in  the  {  1010  } 
configuration  of  x-ray  diffraction  from  the 
ZnO  films  (a)  with  and  (b)  without  the 
CaF2  buffer  layer. 
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are  observed  from  the  samples  with  and  without  the  CaF2  buffer  layer,  respectively.  It  is 
indicated  that  the  ZnO  film  grown  on  the  CaFz  buffer  layer  is  free  from  rotational  domains  and 
twins,  since  clear  six- fold-symmetry  is  seen  for  the  ZnO  { 1010  }  reflection.  On  the  contrary,  the 
ring  pattern  of  Fig.  4  (b)  indicates  that  random  rotational  in-plane  domains  are  included  in  the 
ZnO  (0001)  films  when  directly  grown  on  Si  substrates.  Considering  the  RHEED  pattern  change 
in  Fig.2  (b),  these  random  rotational  domains  may  be  predominantly  included  in  the  bottom  ZnO 
layer. 

In  order  to  compare  these  two  samples  on  their  optical  properties,  we  measured  PL  spectra 
at  20  K  although  the  spectra  are  not  shown  here.  From  the  sample  with  the  CaF2  buffer  layer, 
only  narrow  and  intense  peaks  at  3.33  eV  and  3.36  eV  were  observed.  These  peaks  are  attributed 
to  the  excitons  localized  at  neutral  acceptors  and  donors,  respectively  [8,9].  Since  the  full- width 
at  half-maximum  (FWHM)  of  these  peaks  was  relatively  small  (~7  meV)  and  there  was  no  sign 
from  defect-related  transitions,  we  can  conclude  that  high-quality  ZnO  growth  was  achieved  on 
the  CaF2  buffer  layer.  On  the  contrary,  the  sample  without  the  CaF2  buffer  layer  was  found  to 
contain  many  defects  in  the  ZnO  film,  since  broad  peaks  from  defect-related  transitions  appeared 
at  around  1.8  eV  and  2.2  eV.  These  defect-related  transitions  are  probably  associated  with 
non-stoichiometic  recombination  centers  such  as  single-ionized  oxygen  vacancies  and/or 
single-negatively-charged  oxygen  interstitials  [10]. 

Figure  5  shows  the  PL  spectrum  measured  at  300  K  from  the  sample  with  the  CaF2  buffer 
layer.  An  intense  peak  from  the  excitons  in  ZnO  is  observed  at  3.29  eV.  The  observed  energy  for 
the  peak  closely  agrees  the  previously  reported  value  for  the  free  excitons  in  the  ZnO  films 
grown  on  sapphire  substrates  [8].  As  shown  by  the  inset  of  Fig.  5,  the  intensity  of  defect-related 
emission  band  is  quite  small  (less  than  1/400  of  the  intensity  of  excitonic  emission)  even  at  room 
temperature.  Note  that  such  a  stable  existence  of  free  excitons  is  due  to  the  large  binding  energy, 
and  is  promising  for  short- wavelength  excitonic  lasers  operating  at  room  temperature. 


Figure  5.  Room-temperature  PL  spectrum  from  the  ZnO  film  with  the 
CaF2  buffer  layer.  An  intense  peak  from  free  excitons  is  observed  at 
3.29  eV.  Inset  shows  the  vertically  magnified  spectrum. 
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This  strong  excitonic  emission  with  a  small  FWHM  of  about  70  meV  is  a  direct  evidence  for  the 
high-quality  of  the  ZnO  films  grown  on  the  CaF2  buffer  layer. 


CONCLUSION 

We  have  succeeded  in  the  MBE  growth  of  the  single-crystalline  ZnO  (0001)  films  on  Si 
(III)  substrates  by  using  a  thin  CaF2  (111)  buffer  layer.  RHEED  and  XRD  measurements  show 
the  growth  of  single-crystalline  ZnO  films  without  any  rotational  domains  and  twins.  PL 
measurement  reveals  that  an  intense  excitonic  emission  is  dominant  for  the  ZnO  films  even  at 
room  temperature.  The.se  results  demonstrate  that  high-quality  ZnO  growth  is  achieved  by  using 
the  CaF2  buffer  layer  to  suppress  the  oxidation  of  Si  surface  at  the  initial  stage  of  ZnO  growth. 
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ABSTRACT 

Porous  layers  and  membranes  representing  2D  and  3D  dielectric  structures  were  fabricated 
on  different  III-V  compounds  (GaAs,  InP,  GaP)  by  electrochemical  etching  techniques. 
Nonlithographically  fabricated  ordered  nanopore  arrays  in  InP  are  reported  for  the  first  time.  We 
show  that  the  reflectance  from  nanostructured  InP  is  lower  than  that  from  bulk  InP  in  the  spectral 
interval  1. 5-2.2  eV.  The  artificial  anisotropy  induced  by  nanotexturization  was  studied  in  porous 
GaP  membranes  and  the  refractive  indices  for  ordinary  and  extraordinary  beams  were  evaluated. 

INTRODUCTION 

Electrochemistry  proves  to  be  a  powerful  tool  for  producing  dielectric  structures  on  solid- 
state  materials.  The  fabrication  of  polycrystalline  nanopore  arrays  with  hexagonal  ordering  by 
self-organized  anodization  on  aluminum  has  already  been  reported,  e.g.  [1].  The  mechanical 
stress  associated  with  the  expansion  of  the  aluminum  during  oxide  formation  was  suggested  to 
generate  repulsive  forces  between  neighboring  pores  during  the  oxidation  process  leading  to  self- 
organized  formation  of  hexagonal  pore  arrays  [2].  Ordered  pore  arrays  on  large  areas  can  be 
prepared  using  prepattern-guided  anodization  of  both  aluminum  and  crystalline  silicon  [3,4], 
Recently  the  electrochemical  etching  techniques  were  used  to  fabricate  semiconductor  sieves  of 
gallium  phosphide,  i.e.,  two-dimensionally  nanostructured  membranes  exhibiting  a  strongly- 
enhanced  optical  second  harmonic  generation  in  comparison  with  the  bulk  material  [5]. 
Moreover,  crossing  pores  were  observed  in  GaAs  indicating  that  anodic  etching  may  be  a 
suitable  and  unique  tool  for  the  production  of  3D  micro-  and  nanostructured  ni-V  compounds 
[6].  In  this  work,  we  explore  the  possibility  to  produce  quasi-periodic  dielectric  structures  on  ni- 
V  compounds  by  electrochemical  etching  techniques.  Data  concerning  morphology  studies  and 
optical  characterization  of  samples  are  presented. 


EXPERIMENTAL 

N-type  (100)  oriented  InP,  GaAs  and  (1 1  l)-oriented  GaP  wafers  cut  from  Czochralski 
grown  ingots  were  used  in  this  work.  The  free  carrier  concentration  was  n  =  lO'*  cm‘^  at  300  K. 
The  anodization  was  carried  out  in  an  electrochemical  double  cell  as  described  elsewhere  [6]  in 
HCl  and  H2SO4  aqueous  electrolytes.  The  area  of  the  sample  exposed  to  the  electrolyte  was  0.2 
cm^.  The  supply  of  holes  was  due  to  the  reverse  bias  applied  to  the  semiconductor/electrolyte 
junction,  which  involves  the  avalanche  breakdown  effects  accompanied  by  generation  of 
electron-hole  pairs. 
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A  configuration  with  four  electrodes  was  used:  a  Pi  reference  electrode  in  the  electrolyte 
(REE),  a  Pi  sense  electrode  on  the  sample  (SES),  a  Pt  counter  electrode  (CE),  and  a  Pt  working 
electrode  (WE).  The  electrodes  were  connected  to  a  specially  designed  potentiostat/galvanosiat 
which  can  deliver  currents  and  voltages  up  to  200  mA  and  ±  80V  respectively.  The  temperature 
was  kept  constant  at  T  =  20®C  by  means  of  a  Julabo  F25  thermostat.  The  electrolyte  was  pumped 
continuously  through  both  cells  by  means  of  peristaltic  pumps.  All  the  equipment  used  in  the 
experiments  was  computer  controlled.  The  morphology  of  the  porous  layers  was  analyzed  with  a 
scanning  electron  microscope  (SEM)  operating  at  10  kV. 


RESULTS  AND  DISCUSSION 
Study  of  Morphology 

Figure  1  illustrates  SEM  images  taken  from  n-InP  samples  subjected  to  anodic  etching  in  7.5 
%  HCl  solution  at  different  applied  voltages  with  subsequent  removal  of  the  nucleation  layer 
(NL)  by  nonselective  wet  etching.  One  can  see  that  the  degree  of  porosity  increases  with  the 
applied  potential.  Apart  from  that,  in  the  voltage  interval  5  to  9  V  a  .seif-organized  ordering  of 
pores  occurs  and  the  highest  degree  of  order  is  observed  at  7-8  V.  As  one  can  sec  from  Figure 
lb,  there  are  domains  of  micrometer  size  with  nearly  perfect  hexagonal  ordering.  Two  of  such 
domains  are  marked  in  Figure  lb  by  .solid  curvc.s. 

When  the  samples  are  anodized  in  .solution  with  5  %  HCl  concentration,  they  exhibit  the 
maximum  degree  of  pore  ordering  at  9-10  V.  Figure  2a  prc.scni.s  a  cleavage  of  a  porous  layer 
produced  by  anodic  etching  of  a  n-lnP  substrate  at  10  V  for  1  minute. 


Figure  1.  SEM  micrographs  of  InP  samples  anodized 
at  5  V  (a),  7  V  (b)  and  9  V  (c). 
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Note  that  the  NL  layer  with  the  thickness  1.5  [im  was  removed  by  nonselective  etching.  One 
can  see  that  the  distribution  of  pores  is  highly  uniform  both  along  the  top  surface  and  in  the  depth 
of  the  porous  layer.  The  pores  grow  perpendicularly  to  the  initial  surface.  We  believe  that  the 
interaction  between  pores  by  means  of  the  space  charge  region  as  well  as  the  high  crystalline 
quality  of  our  samples  and  computer-controlled  accuracy  of  etching  conditions  are  the  primary 
factors  leading  to  the  observed  uniformity  in  pore  distribution.  Moreover,  as  in  the  case  of 
samples  anodized  in  7.5  %  HCl  electrolytes,  the  spatial  distribution  of  pores  proves  to  be  ordered 
within  domains  of  micrometer  sizes  (Figure  2b).  The  transverse  sizes  of  pores  and  InP  wall 
thicknesses  equal  200  and  120  nm  respectively,  leading  to  a  degree  of  porosity  of  about  55  %. 

An  autocorrelation  analysis  of  the  pores  position  shows  an  ordering  of  up  to  the  sixth  neighbor. 

A  corresponding  analysis  of  the  radial  distribution  of  the  pore  position  shows  a  60°  angle 
between  the  neighbors  of  one  pore.  Combining  these  data  a  medium  range  ordering  of  pores  in  a 
closed  packet  arrangement  is  found. 

The  direction  of  pore  growth  in  InP  strongly  depends  upon  the  anodic  current  density  [7].  In 
GaAs  the  pores  grow  usually  along  the  <1 1 1>  crystallographic  direction  regardless  the  value  of 
the  anodic  current.  Moreover,  <1 1 1>  oriented  pores  in  GaAs  intersect  each  other  without 
changing  their  direction  of  growth  or  shape  [6],  which  is  essential  for  producing  3D  dielectric 
structures  by  intersecting  quadruples  of  <1 1 1>  pores  starting  from  a  common  nucleus.  We 
explored  the  possibility  to  fabricate  three-dimensional  photonic  structures  with  pitting  occurring 
on  (100)  surface  and  pores  propagating  along  <1 1 1>  crystallographic  directions  (the  so-called 
“Moldavite”  structures).  Being  mechanically  stable  for  low  degrees  of  porosity,  such  structures 
were  evidenced  to  easily  collapse  at  high  degrees  of  porosity.  For  instance,  when  the  pits  are 
arranged  in  a  two-dimensional  square  lattice  with  the  lattice  constant  «,  the  material  percolation 
proves  to  be  broken  at  pore  radius  r  =  0.35^7.  For  the  percolation  limit,  the  volume  of  pores  in  the 
dielectric  structures  was  found  to  be  as  high  as  74  %. 

We  found  that  four  <1 1  l>-directions  of  pore  growth  are  not  equivalent  from  the 
chemical/electrochemical  point  of  view.  Two  of  them,  the  so-called  <1 1 1>B  directions,  have  a 
lower  dissolution  rate  than  the  other  two  <1 1 1>A  directions. 

When  the  <1 1 1>A  oriented  pores  are  distributed  close  to  each  other,  the  nucleation  of 
<1 1 1>B  pores  is  strongly  inhibited.  An  example  of  high  density  <1 1 1>A  oriented  pores  in  GaAs 
is  shown  in  Figure  3.  Note  that  the  triangles  result  from  the  intersection  of  pores  oriented  along 
<1 1 1>A  directions.  The  insert  shows  the  nucleation  of  two  <1 1 1>A  oriented  pores  at  the  initial 
surface  of  the  GaAs  substrate. 


Figure  2.  SEM  micrographs  taken  from  an  InP  sample  anodized  at  10  V:  a)  random  cleavage, 
overview;  b)  top  view. 
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Figure  3.  Cross-sectional  SEM  image  taken  from  a  GaAs  sample  anodized  at  a  constant  current 
density  y  =  200  mA/cm^.  The  insert  illustrates  the  ramification  of  pores  starting  from  a  common 

nucleus. 


Optical  Properties 

Taking  into  account  the  strongly  enhanced  second  harmonic  generation  in  porous  GaP  [5], 
we  have  studied  the  linear  optical  properties  of  porous  membranes  to  evaluate  the  material 
transparency  and  optical  anisotropy. 

Figure  4  shows  the  transmi.ssion  spectrum  of  a  porous  GaP  membrane  fabricated  on  a  ( 1 1 1 ) 
oriented  crystalline  substrate  as  described  in  Ref.  5.  According  to  SEM  analysis  (see  Figure  1  in 
[5]),  the  membrane  exhibits  triangular-prism  like  pores  with  lateral  average  dimensions  of  about 
50  nm.  The  pores  are  uniformly  distributed  and  no  pronounced  fluctuations  in  their  sizes  exist. 
As  one  can  see  in  Figure  4,  the  optical  transmission  spectrum  of  the  porous  membrane  shows 
pronounced  interference  fringes  in  the  spectral  interval  corresponding  to  quantum  energies  lower 
than  the  indirect  band  gap  of  bulk  GaP  (hv  <  E^.  =  2.24  eV). 

The  ob.servation  of  interference  fringes  is  indicative  of  the  optical  homogeneity  of  the 
porous  medium.  Due  to  the  relatively  small  dimensions  of  both  pores  and  skeleton  entities,  the 
porous  medium  proves  to  be  optically  homogeneous  and,  therefore,  the  light  propagates  through 
it  without  pronounced  scattering. 

The  degree  of  porosity  defines  the  value  of  the  refractive  index  of  the  membrane  and  the 
optical  ani.sotropy  caused  by  the  preferential  orientation  of  pores  along  <11 1>  crystallographic 
directions. 


Figure  4.  Optical  transmission  .spectrum  of  a  porous  GaP  membrane. 
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According  to  the  effective  medium  theory  [8],  in  the  case  of  pores  stretching  perpendicular 
to  the  initial  surface,  the  components  of  the  dielectric  tensor  of  the  porous  membrane  can  be 
written  as  follows: 


£//  (co)=  (l  -  c) •  8i  +  C  •  8(co) 


8x((o)=8(co)* 


8]  •(2-c)+c-8(a)) 
8j  •c  +  8(a))'(2-c) 


(1) 

(2) 


where  c  is  the  concentration  of  GaP,  e(a))  is  the  dielectric  ftmction  of  GaP,  and  ei  is  the  dielectric 
constant  of  air.  Due  to  8j^  (co)  <  e//(a})  for  all  c,  porous  GaP  is  a  positive  uniaxial  material. 

Figure  5  shows  the  transmission  of  light  with  X  -  1064  nm  by  a  porous  membrane  with  the 
thickness  8.2  |xm  as  a  function  of  the  incident  angle  of  the  laser  beam.  The  position  of  the 
maxima  displayed  by  the  interference  patterns  depends  upon  the  direction  of  light  polarization. 
For  the  ordinary  beam,  the  maxima  occurs  at  the  incident  angles  17°  and  43°,  while  for  the 
extraordinary  beam  the  maxima  occurs  at  21°  and  49°.  The  analysis  of  the  interference 
conditions  for  the  two  beams  taking  into  account  Eqs.  (1)  and  (2)  allowed  to  calculate  the 
refractive  indices:  =  2.43  and  rig  -  2.67.  So,  the  porous  membranes  exhibit  pronounced 
birefringence  necessary  for  phase  matching  in  the  optical  second  harmonic  generation  [5]. 

The  possibility  to  fabricate  ordered  nanopore  arrays  on  indium  phosphide  looks  promising  for 
photonic  crystal  applications.  We  carried  out  a  comparative  study  of  reflectance  spectra  taken 
from  bulk  and  porous  InP  samples  (Figure  6).  The  samples  were  cleaved  and  the  non-polarized 
reflectance  was  measured  from  the  side.  Interestingly,  the  porous  specimen  exhibits  a 
pronounced  decrease  in  reflection  when  approaching  the  infrared  region.  The  analysis  based  on 
Fresnel  formulas  shows  that  the  effect  involved  is  caused  by  the  porosity-induced  decrease  in  the 
effective  index  of  reflection  and  absorption  coefficient  of  the  medium. 
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Figure  5.  Transmission  of  light  with  X  =  1064  nm  by  a  porous  GaP  membrane  as  a  function  of 
the  incident  angle  of  the  laser  beam  for  s-s  and  p-p  polarization  geometries. 
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Figure  6.  Reflection  spectra  taken  from  bulk  and  porous  InP  with  self-organized  ordering  of 

pores. 

CONCLUSIONS 

Both  2D  and  3D  dielectric  structures  can  be  produced  on  III-V  compounds  by 
electrochemical  etching.  Under  certain  etching  conditions  scif-arrangement  of  submicrometer 
parallel  pores  in  two-dimensional  hexagonal  lattices  occurs  in  InP  crystalline  substrates.  Anodic 
etching  of  ( 100)-oriented  GaAs  results  in  the  formation  of  3D  dielectric  structures  due  to  the 
preferential  orientation  of  pores  along  <1 1 1>  crystallographic  directions.  The  material 
percolation  should  be  taken  into  account  when  designing  and  producing  3D  dielectric  structures. 
2D  structures  exhibit  porosity-induced  optical  anisotropy  that  makes  anodically  etched  GaP  and 
InP  perspective  for  advanced  nonlinear  optica!  applications. 
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ABSTRACT 

We  propose  a  new  three-dimensional  photonic  crystal  stmcture  or  drilled  alternating-layer 
photonic  crystal  (DALPC),  which  can  be  fabricated  by  a  combination  of  the  deposition  of  alternating 
layers  of  dielectric  films  and  one-time  dry  etching.  Our  band  calculation  predicts  that  the  DALPC  has  a 
photonic  band  gap  (PBG)  in  all  directions.  We  fabricated  a  Si/Si02  DALPC  by  electron  beam  lithography, 
bias  sputtering,  and  fluoride-gas  electron  cyclotron  resonance  etching.  We  measured  the  light  transmission 
of  the  DALPC  sample  in  both  the  in-plane  and  vertical  directioas.  We  observed  a  traasmlssion  minimum 
around  the  L4-pm-wavelength  for  all  measured  directions  and  TE/TM  polarizations,  which  demonstrated 
a  potential  of  the  DALPC  as  a  three-dimensional  PBG  material. 

INTRODUCTION 

Photonic  crystals  (PC)  [  1  ]  are  now  the  subject  of  considerable  attention.  To  pursue  a  full  PBG  or 
a  very  high  Q-value,  the  PC  stmcture  should  be  three-dimensional  {3D).  It  is  relatively  easy  to  constmct 
the  self-assembly-based  3D  PCs  [2,3],  but  it  Is  very  difficult  to  introduce  stmctural  modulations  such  as  a 
defect  to  realize  device  fiinctions.  By  contrast,  device  functions  can  be  readily  introduced  into  a 
lithography-based  3D  stmcture,  in  which  all  the  PC  elements  are  defined  artificially.  However,  the 
lithography-based  3D  stmctures  reported  to  date  [4-7]  require  a  very  complicated  fabrication  process  that 
needs  a  large  number  of  alignment  processes  or  sophisticated  micromachining,  thus  making  it  unrealistic 
for  use  in  producing  commercially  viable  PCs. 

We  have  proposed  a  novel  three-dimensional  photonic  crystal,  or  drilled  alternating-layer 
photonic  crystal  (DALPC),  which  can  have  a  full  PBG  [8,9].  Our  DALPC  is  based  on  a  two-dimensional 
alternating  layer  stmcture  and  can  be  deposited  by  rf-bias  sputtering.  The  automatic  shaping  effect  that 
occurs  in  bias  sputtering  (autocloning)  was  discovered  and  developed  by  Kawakami  and  co-workers  to 
fabricate  3D  PCs  [  10, 1 1  ].  We  added  a  nanolithography  to  the  autocloning-based  alternating-layer  stmcUire 
to  realize  a  full  PBG  by  creating  connectivity  in  the  vertical  direction.  The  main  DALPC  fabrication 
processes,  namely  two-time  fine-line  lithography,  one  sequential  sputtering  deposition,  and  one-time 
drilling  by  dry  etching,  are  based  on  very  mature  technologies  with  few  process  steps.  So  the  DALPC 
stmcture  should  be  highly  controllable  and  easy  to  fabricate. 

In  this  paper  we  report  the  fabrication  of  a  Si/Si02  DALPC  focusing  on  the  optical 
communication  wavelength  (1.5  pm)  and  measurement  of  its  transmission  characteristics. 
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Figure  1.  Schematic  depiction  of  a  DALPC  Figure  2.  Photonic  band  structure  of  a 

DALPC  obtained  from  a  band  calculation  by 
the  plane  wave  expansion  method. 


DRILLED  ALTERNATING  LAYER  PHOTONIC  CRYS  TALS 


Figure  1  shows  a  schematic  depiction  of  a  DALPC.  A  DALPC  is  composed  of  alternating  layers 
(refractive  index:  nj  and  n:)  and  cylindrical  holes  (index:  n^)  drilled  through  the  entire  structure.  The 
corrugated  alternating  layers  can  be  formed  by  autocloning.  This  structure  is  equivalent  to  a  diamond 
structure,  which  can  have  a  full  PEG  Figure  2  shows  the  photonic  band  structure  of  a  DALPC  based  on  a 
band  calculation  obtained  by  the  plane  wave  expansion  method  [8].  We  considered  a  Si/SiCVair  DALPC 
(ni,  n2, 03=3.48, 1 .46, 1 .0)  and  set  the  lattice  constant  at  (x/y/z  =  0.7/0.5/0.5  pm)  to  give  a  PEG  wavelength 
of  1 .5  pm.  As  a  result,  we  obtained  a  PC  with  a  large  gap/midgap  ratio  of  1 1 .8% ,  which  is  large  enough  to 
enable  us  to  realize  varbus  PC-based  devices. 


EXPERIMENTAL  DETAILS 


We  fabricated  a  Si/SiC^air  DALPC  in  which  the  lattice  constant  was  (x/y/z  =  0.7A).5/0.3  pm). 
The  fabrication  methods  and  technologies  we  used  here  were  the  same  as  those  employed  in  previous 
report  [9].  We  used  electron  beam  lithography  to  form  grooves  for  autocloning  the  upper  PC  stmeture  and 
to  make  masks  for  ase  when  drilling  air  holes.  We  .suppressed  the  alignment  error  of  the  holes  we  drilled  in 
the  alternating-layer  structure  to  as  little  as  50  nm.  The  grooves  were  fabricated  on  a  Si  substrate  with  a 
thick  surface  thermal  oxide  cladding  layer  (1  pm)  and  tlien  4  periods  of  alternating  layers  of  Si  (0.16  pm) 
/Si02  (0.15  pm)  were  deposited  by  bias  sputtering  under  autocloning  conditions.  After  that  we  drilled  air 
holes  by  means  of  electron  cyclotron  resonance  plasma  etching  with  a  CF4-SF6  gas  mixturef  1 2],  which  Is 
suitable  for  a  Si/Si02  .system.  We  used  a  Ni  mask  and  minimum  substrate  bias  voltage  in  the  drilling 
because  very  we  needed  a  high  aspect  ratio  for  the  air  holes  (diameter:  -300  nm,  depth :  ~1 .5  pm) . 

We  measured  the  light  transmission  characteristics  of  a  DALPC  sample  in  the  in-plane  direction 
as  follows.  A  flat  alternating-layer  multilayer  was  formed  around  the  DALPC  so  we  removed  most  of  it 
by  dry-etching  leaving  10  pm-wide  me.sas  that  acted  as  index  guiding  waveguides.  We  prepared  two  input 
and  output  waveguides  for  every  DALPC  sample.  We  prepared  samples  for  two  directions  (  T-X  and 
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r-Y  )  and  with  transmission  lengths  of  2,  5,  and  10  periods.  To  measure  the  transmission  spectmm,  we 
used  a  wavelength  tunable  laser  as  a  light  source  and  a  tapered-hemispherical-end  optical  fiber  to  allow 
coupling  with  the  waveguides  on  the  sample  from  a  cleaved  facet.  We  detected  the  output  light  using  a 
multimode  fiber  with  a  large  spot  size.  To  obtain  the  polarization  characteristics,  we  undertook 
measurements  using  both  TE-polarized  and  TM-polarized  single-mode  light  as  the  input  light. 

We  also  measmed  the  light  transmission  characteristics  in  the  vertical  direction  by  preparing 
large-area  (  500  x  500  ^im  )  DALPC  samples.  We  used  the  same  experimental  setup  that  we  used  for  the 
in-plane  direction  measurement.  The  light  was  incident  from  the  rear  of  the  substrate  and  detected  at  the 
top  of  the  DALPC.  Here  TE  polarization  means  that  the  electric  vector  was  parallel  to  T-Y  and  TM 
polarization  means  the  magnetic  vector  was  parallel  to  T-Y. 

RESULTS  AND  DISCUSSION 

Figure  3  shows  scanning  electron  microscope  images  of  a  DALPC  sample  fabricated  in  this 
study.  Figuie  3(a)  shows  a  bird’s  eye  view  of  the  sample,  which  demonstrates  almost  exact  alignment 
between  holes  and  autocloning-based  structure.  Figure  3(b)  shows  a  cross-section  of  the  sample.  It  is 
obvious  that  the  drilling  reached  the  bottom  of  the  PC,  where  the  depth  was  about  1 .5  pm.  This  was  very 
important  because  with  samples  where  the  drilling  did  not  reach  the  bottom  there  was  no  clear  structure 
related  to  PEG  in  the  in-plane  transmittance.  However,  figure  3(b)  also  demonstrates  the  air-holes  were  far 
from  their  ideal  cylindrical  shape.  Especially,  the  undercut  of  the  top  Si  layer  seemed  to  be  very  serious, 
which  was  probably  caused  by  reflected  radicals  at  the  edge  of  the  Ni  mask.  We  modified  etching 
conditions  from  those  of  previous  report  [9]  to  drill  deeper  by  increasing  the  selectivity  of  Ni  to  the 
alternate  layers.  The  undercut  seemed  to  increase  as  the  Ni  selectivity  increased.  Figure  3(b)  also  shows 
that  the  autocloning  of  the  corrugated  alternating-layer  stmcture  was  successfully  accomplished 


(a)  (b) 


Figure  3.  Scanning  electron  microscope  images  of  a  DALPC  sample  fabricated  in  this  study,  (a)  A  bird  s 
eye  view,  (b)  A  cross-section. 
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Figure  4.  Transmittance  of  DALPC  siimples  in  i 
sample  was  5  periods. 
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Figure  4  shows  in-plane  light  transmission  spectra  of  the  DALPC  at  a  transmission  length  of  5 
periods.  We  observed  a  wide  (1.3- 1.7  pm)  trtuismission  attenuation  band  for  TE  polarization  in  both  the 
F-X  and  F-Y  directions,  wliere  the  maximum  transmission  loss  was  as  large  as  20  dB.  We  also  observed 
an  attenuation  band  forTM  polarization  although  it  was  somewhat  small,  which  suggested  that  a  full  PBG 
was  not  achieved  in  the  sample.  The  attenuation  band  was  considerably  wider  than  what  we  estimated 
from  the  band  calculation.  Wlien  the  transmission  length  was  2  periods  the  spectra  were  qualitatively 
similar  but  the  attenuation  band  somewhat  uncletu-  compiired  with  that  of  5  pail's.  Wlien  the  length  was  10 
pairs  Hie  output  light  was  so  weak  that  we  could  not  obtain  reliable  transmission  spectra  due  to  tlie 
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Figure  5.  Vertical  transmittance  of  the  DALPC  sample. 


detection  limit  of  our  measurement  system.  Figure  5  shows  vertical  transmission  spectra  of  a  DALPC. 
Several  dips  were  observed  for  both  TE  and  TM  polarization,  although  the  origin  was  unclear. 

Here  it  is  noted  that  there  was  a  transmission  minimum  about  a  wavelength  of  1.4  pm  for  all 
directions  and  polarizations.  The  correspondence  of  the  transmission  minimum  in  all  the  measured  spectra 
strongly  suggests  that  a  full  PEG  may  open  at  around  1 .4  pm.  This  roughly  corresponds  to  the  PEG  center 
we  have  calculated  for  this  structure.  There  was  no  strong  attenuation  in  the  in-plane  TE  spectra  of 
samples  with  no  drilling .  Ey  contrast,  in  samples  with  air  holes  (the  same  as  those  of  the  DALPC  sample) 
drilled  into  a  flat  alternating-layer,  although  the  in-plane  TE  transmission  spectra  exhibited  a  attenuation 
band  in  the  same  way  as  the  DALPC  sample,  there  was  no  clear  attenuation  in  the  TM  spectra.  So  we 
believe  the  correspondence  of  the  transmission  minimum  in  all  the  measured  speetra  to  be  an  inherent 
characteristic  of  the  DALPC  structure.  The  imperfect  PEG,  the  abnormally  wide  attenuation  band,  and  the 
coexistence  of  plural  dips  in  a  transmittance  were  mainly  due  to  the  imperfect  ion  of  air  holes  which  were 
far  from  an  ideal  cylindrical  shape.  So  we  are  currently  examining  ways  of  drilling  deeper  without  causing 
any  deterioration  in  the  air  hole  shape. 

CONCLUSION 

We  have  fabricated  Si/Si02  DALPCs  that  were  designed  to  have  a  lull  PEG  at  1 .5  pm  and  have 
reported  their  transmission  characteristics  in  detail  for  the  first  time.  We  found  a  transmittance  minimum 
at  about  1 .4  pm  in  all  directions  and  polarizations  measured.  This  is  a  very  important  achievement,  despite 
the  fact  that  the  measured  sample  did  not  have  a  full  PBQ  because  it  shows  the  possibility  that  a  realizable 
DALPC  can  have  a  full  PEG  We  believe  that  after  finding  a  way  to  control  the  shape  of  the  drilling  and 
optimizing  the  alternating-layer  structure  formed  by  autocloning  we  will  be  able  to  obtain  a  DALPC 
sample  with  a  large  full  PEG. 
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ABSTRACT 

We  present  fabrication  of  3D  photonic  band  gap  woodpile  crystals  from  photosensitive 
chalcogenide  glass  with  the  help  of  interference  lithography  and  layer  by  layer  construction.  The 
alignment  method  is  described,  which  is  scalable  to  extremely  small  feature  sizes  required  for 
photonic  crystals  in  the  visible  region. 

INTRODUCTION 

Optical  spectrum  photonic  band  gap  crystals  require  high  refraction  index  materials  and 
technology  for  3D  sub-micron  structure  fabrication.  The  most  flexible  approaches  are  based  on 
semiconductor  lithography  processes'’^.  Most  of  them  require  sophisticated  equipment  and  are 
confined  by  the  current  state  of  the  art  feature  size  limit.  Thus  there  is  demand  for  scalable 
lithography  teehnologies  and  new  types  of  materials,  offering  easy  treatment  and  high  refractive 
index. 

Chalcogenide  glasses  are  highly  promising  materials  for  photonic  crystals^  Their 
refractive  index  varies  from  2.5  to  3,  together  with  transparency  from  800nm  to  12  micron.  They 
are  photosensitive,  and  can  be  used  as  positive  or  negative  photoresists.  In  addition  they  are 
amorphous  materials  that  can  be  deposited  on  almost  any  other  material  by  vacuum  vapor 
deposition  at  low  temperature. 

EXPERIMENTAL  DETAILS 

Maskless  interference  lithography  can  replace  classical  mask  lithography  in  the  case  of 
photonic  crystals  due  to  their  periodical  structure.  The  required  periodic  pattern  of  illuminated 
and  dark  regions  can  be  produced  by  interference  of  two  or  more  coherent  laser  beams.  The 
advantages  of  interference  over  mask  lithography  are  higher  resolution  and  deep  focus.  The  latter 
allows  the  usage  of  interference  lithography  on  curved  surfaces. 

The  woodpile  photonic  band  gap  crystal  can  be  considered  as  a  multi  layer  construction, 
where  each  different  layer  is  a  diffraction  grating  (see  Figure  1).  Hence  each  layer  can  be 
produced  by  the  interference  pattern  of  only  two  beams.  For  formation  of  each  layer,  the  first 


Figure  1 :  Woodpile  Photonic  Crystal 
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step  is  vacuum  vapor  deposition  of  thin  chalcogcnidc  film.  The  grating  is  obtained  by  using  layer 
as  a  negative  photoresist,  after  illumination  and  .selective  etching.  The  next  step  is  the 
planarization  of  this  grating  by  spin  coating  of  Shipley  photoresist,  with  subsequent  thinning  to 
the  width  of  the  grating.  Afterwards  the  subsequent  layers  are  formed  in  the  same  way.  The  final 
step  is  washing  out  of  photoresist  using  a  stripper. 

All  layers  must  be  accurately  aligned  with  each  other,  meaning  their  periods,  directions 
and  relative  positions  should  be  precisely  fitted.  Otherwise  the  desired  optical  properties  will 
suffer.  A  technique  for  alignment  between  the  two-beam  interference  pattern  and  the  existing 
grating  was  developed**.  During  interference  lithography  the  already  produced  layers  of  woodpile 
crystal  act  for  incident  light  like  an  ordinary  diffraction  gratings,  leading  to  several  diffraction 
orders  from  each  beam.  The  alignment  can  be  completed  in  two  steps,  by  observation  of  only 
two  specific  diffraction  orders  corresponding  to  different  incident  beams. 

During  the  first  .step  the  period  and  direction  of  fringes  are  defined.  When  the  period  and 
direction  of  fringes  correspond  to  lho.se  of  the  grating,  .some  diffraction  orders  of  different 
incident  beams  coincide.  The  coincidence  of  two  beams  can  be  verified  by  observation  of  their 
far  field  interference  pattern. 

The  .second  step  is  fitting  of  the  relative  shift.  It  can  be  done  by  measurement  of  the  total 
intensity  of  the  two  diffraction  orders,  cho.sen  for  step  one.  The  intensity  varies  periodically  with 
shift^. 

RESULTS 

Multi  layer  photonic  cry.stals  were  constructed  from  AsSe  (.see  Figure  2)  and  AsSeTe  (see 
Figure  3)  glas.ses.  The  third  and  the  fourth  layers  of  the  4-laycr  AsScTe  sample  were  succc.ssfully 
aligned.  Shipley  photoresist  (planarization  step)  was  washed  out  leaving  dielectric/air  crystals. 


Figure  2:  Two  layers  of  woodpile  photonic  crystal  made  from  AsSc  chalcogcnidc  glass  and  air. 
The  period  of  the  gratings  is  1  pm. 
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Figure  3:  The  4  layer  woodpile  structure  made  from  AsSeTe  chalcogenide  glass.  The  different 
layers  are  aligned  with  half  period  shift  between  the  and  the  layers. 


DISCUSSION 


The  binary  gratings  can  be  obtained  by  interference  lithography  from  chalcogenide 
glasses.  There  is  threshold  doze  of  illumination  that  converts  chalcogenide  glass  to  the  insoluble 
state.  This  high  sensitivity  also  leads  to  some  structure  fluctuations  of  the  third  and  the  fourth 
layers.  The  minute  structure  of  the  fourth  layer  can  be  clearly  observed  in  Figure  3.  These 
fluctuations  are  periodic  due  to  the  scattering  of  the  incident  laser  beams  on  the  previous  layers. 
Therefore  they  do  not  contribute  to  the  scattering  losses,  but  definitely  can  change  the  optical 
properties  of  the  crystal. 

It  is  difficult  to  obtain  gratings  with  feature  size  much  less  than  half  of  a  period.  The 
sinusoidal  laser  illumination  leads  to  more  or  less  symmetrical  patterns.  However  the  numerical 
analysis  of  woodpile  structure  shows  that  even  for  50%  of  the  period  feature  size  the  full  3D  gap 
can  still  be  obtained  (see  Figure  4). 
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n=3 


Figure  4:  The  gap  to  mid  gap  frequency  ratio  map  vs.  deposition  width  of  single  layer  and 
feature  size  of  the  grating. 


CONCLUSION 

3D  woodpile  photonic  crystals  with  1  pm  period  were  constructed  from  AsSc  and 
AsSeTe  chalcogenide  glasses.  The  use  of  the  interference  lithography  significantly  simplifies  the 
process  of  the  fabrication.  The  required  method  of  fringes  alignment  to  some  reference  grating 
was  developed. 
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ABSTRACT 

The  transfer  matrix  method  (TMM)  software  (Translight,  A.  Reynolds  [1])  was  used  to 
evaluate  the  photonic  band  gap  (PBG)  properties  of  the  periodic  arrangement  of  high  permittivity 
ferroelectric  composite  (40  wt%  Bao.45Sro.55Ti03  /60  wt%  MgO  composite,  £r=  80,  tan5  = 

0.0041  at  10  GHz)  in  air  (or  Styrofoam,  8r~  1)  matrix  compared  to  a  lower  permittivity  material 
(AI2O3,  £r  =  1 1.54,  tan§  =  0.00003  at  10  GHz)  in  air.  The  periodic  structures  investigated 
included  a  one-dimensional  (ID)  stack  and  a  three-dimensional  (3D)  face  centered  cubic  (FCC) 
opal  structure.  The  transmission  spectrum  was  calculated  for  the  normalized  frequency  for  all 
incident  angles  for  each  structure.  The  results  show  that  the  bandgaps  frequency  increased  and 
the  bandgap  width  increased  with  increased  permittivity.  The  effects  of  orientation  of  defects  in 
the  opal  crystal  were  investigated.  It  was  found  by  introducing  defects  propagation  bands  were 
introduced.  It  was  concluded  that  a  full  PBG  is  possible  with  the  high  permittivity  material. 

INTRODUCTION 

Photonic  crystals  (PCs)  are  periodic  dielectric  structures  that  exhibit  frequency  ranges  over 
which  an  electromagnetic  waves  cannot  propagate  (called  a  bandgap).  They  are  composites  that 
are  artificially  engineered  to  have  a  periodic  variation  in  the  dielectric  constant  with  a  period  that 
is  on  the  order  of  the  electromagnetic  (EM)  wavelength.  When  the  phases  have  a  strong 
refractive  contrast  (>3),  a  bandgap  is  created  in  the  frequency  spectrum  due  to  the  Bragg-like 
reflection  at  the  interface  between  the  two  phases.  PCs  have  many  applications  in  optical 
devices  including  waveguides,  lasers,  light-emitting  diodes,  couplers,  and  filters  [2].  They  have 
also  been  used  in  microwave  devices  for  high  efficiency  antenna  substrates  and  reflectors  [3]  as 
well  as  waveguides,  filters  and  delay  lines.  Typically,  silicon  has  been  the  material  of  choice.  It 
has  both  a  high  dielectric  contrast  (eR=  12.0:1)  and  is  compatible  with  fabrication  methods  in 
microelectronic  and  optical  components.  However,  in  this  paper  we  propose  using  an  even 
higher  dielectric  material,  40  wt%  Bao.45Sro.55Ti03  /  60  wt%  MgO  composite  (eR=  80,  tan5  = 
0.0041  at  10  GHz  [4]).  Because  Bao.45Sro.55Ti03  is  also  a  ferroelectric  material  whose 
permittivity  changes  under  an  applied  electric  field,  it  is  also  possible  to  electronically  tune  the 
position  and  width  of  the  bandgap. 

In  order  to  prepare  a  PC,  the  material  must  be  periodic  within  less  than  5%  deviation. 
Therefore  in  order  to  obtain  the  correct  length-scale  for  the  desired  bandgap,  a  model  of  the 
structure  and  simulation  of  the  EM  propagation  must  first  be  made.  Many  numerical  approaches 
are  described  in  the  literature  [5]  including  the  plane  wave  method,  transfer  matrix  method 
(TMM)  and  finite  difference  time  domain  (FDTD)  method.  The  plane  wave  method  was 
developed  by  expanding  the  EM  fields  as  a  sum  of  plane  waves  and  recasting  Maxwell’s 
equations  in  the  form  of  an  eigenvalue  problem  to  find  the  allowed  eigen-frequencies.  This  can 
be  represented  by  the  equation  (1): 
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-  V'£  +  V(V  •£)  =  a)"£(r)E(r) 

where  E  is  the  electric  field,  co  is  the  frequency,  e  is  the  dielectric  function  and  r  is  the 
coordinate.  The  disadvantages  of  this  method  are  that  it  is  inefficient  in  calculating  complicated 
defects  and  requires  significant  computer  time  [5].  It  is  used  to  calculate  the  band  diagrams,  the 
field  distributions  and  energy  flows  [5J.  The  FDTD  method  is  the  most  widely  used  code  [5]  and 
requires  less  computer  time  [6].  However,  it  is  inaccurate  for  modeling  curvature  and  small 
objects.  In  the  FDTD  method,  the  wave  propagating  through  the  structure  is  found  by 
integrating  the  discrete  form  of  Maxwell’s  equations  in  the  time  domain.  It  is  most  often  used 
for  calculating  reflection-transmission  spectrums,  band  diagrams,  field  distributions,  energy 
flows,  and  for  coupling  problems  [5].  In  TMM  the  wave-field  is  represented  as  points  of  real 
space  lattice  that  relate  the  fields  of  one  layer  of  the  lattice  to  the  next.  The  form  of  Maxwell’s 
equation  that  this  system  takes  on  in  three  dimensions  would  be  the  following  six  equations  (2-7) 
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where  is  the  permeability,  a,b,c  are  the  displacement  through  a  distance  along  the  x,  y,  z  axis, 
respectively.  TMM  is  most  often  used  to  calculate  the  reflection-transmission  spectrums,  and  the 
field  distributions  [5]. 

The  objective  of  this  research  was  to  model  the  PC  of  a  ID  Bragg  stack  and  a  3D  opal  using 
TMM  comparing  a  high  permittivity  material  (40  wi%  Bti^wsSro.s.sTiO^  /  60  wt%  MgO 
composite,  €r  =  80,  tan5  =  0,0041  at  10  GHz)  in  air  (or  Styrofoam,  Er  ~  I)  matrix  compared  to  a 
lower  permittivity  material  ( Al.O,,  Er  =  1 1 M,  tan6  =  0.00003  at  1 0  GHz)  in  air  and  to  evaluate 
the  effects  of  line  defects  and  orientation  on  the  propagation. 

MODELING 

A  transfer  matrix  method  software  package  called  Translight  [IJ  was  used  to  model  the  PBG 
structures.  The  structures  investigated  were  a  ID  Chigrin’s  Stack  [8]  and  3D  <1 1 1>  opal  [9]. 

The  permittivities  investigated  were  Er  =80,  I  ]M  and  tan5  =  0.0041 , 0.00003,  respectively 
corresponding  to  the  materials  of  ferroelectric  40  wt%  Bci„.45Sr,,55TiO^  /60  wt%  MgO  composite 
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and  AI2O3,  respectively.  For  both  structures  a  lattice  constant  of  0.003  m  was  used  to  calculate 
the  transmission  through  the  structure  as  a  function  of  incident  angle  from  0  to  90  degrees  and 
normalized  frequency,  fa/c,  from  0.01  to  1.0,  where  f  is  the  frequency,  a  is  the  lattice  constant 
and  c  is  the  speed  of  light.  The  results  were  displayed  on  a  contour  plot  with  transmission  in 
gray  scale.  Positive  incident  angles  correspond  to  TM  polarized  waves  while  the  negative  values 
correspond  to  TE  polarized  waves  unless  otherwise  reported. 

The  Chigrin’s  stack  consisted  of  alternating  layers  of  air  (0.5  -  0.25  thick)  and  dielectric  (0.75 
thick)  see.  Figure  la.  The  stacks  were  placed  in  x  axis  orientation  relative  to  the  incident  beam. 
The  opal  structure  PBG  was  investigated  for  filling  factors  0.25,  0.5  and  0.74.  For  these 
simulations  there  were  twelve  stacks  of  a  group  of  three  unit  cells  with  twenty-seven  atom 
spheres  each  (cf.  Figure  lb).  Because  the  opal  cell  was  symmetric  along  x,  y,  and  z  only  the 
affect  of  orientation  with  a  defect  in  the  structure  was  considered.  A  defect  was  placed  on  each 
of  the  unit  eells  at  the  half-way  point  by  removing  the  row  of  atoms  along  the  y  axis. 


Figure  1:  PBG  Structures  a.  Chigrin’s  Staek,  b.  Opal  Unit  Cell. 


RESULTS  AND  DISCUSSION 

The  effect  of  permittivity  on  the  Chigrin’s  Stack  are  compared  for  e=80  and  e=l  1.54  in 
Figures  2a  and  2b,  respectively.  As  shown  in  the  figures,  as  the  permittivity  increases  the 
number  of  bandgaps  increases  and  the  bandgap  width  increases. 


0.2  0.4  0.6  0.8  1.0  0.2  0.4  0.6  0.8  1.0 

Normalized  Frequency  fa/c  Normalized  Frequency  fa/c 


Figure  2.  Chigrin’s  Stack  with  x  Axis  Orientation  and  0.5  stack  size  and  a.  £=80  and  b.  £=1 1.54. 
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Similarly,  the  effect  of  increasing  the  stack  size  in  a  Chigrin’s  stack  from  0.5  (cf.  Figure  2a)  to 
0.75  (cf.  Figure  3)  shows  an  increase  in  the  number  of  bandsgaps  as  well  as  an  increase  in  the 
bandgap  width. 


0.2  0.4  0.6  0.8  1 

N(>rm;i!i/eci  Frequency  I'ii/c 


Figure  3.  Chigrin’s  Slack  Results  with  a  Block  Size  of  0.75  and  e=80  and  x  Axis  Orientation. 

A  comparison  of  the  permittivity  on  the  PBG  of  the  opal  structure  with  a  defect  is  shown  in 
Figures  4a  and  4b.  Without  the  defect  the  opal  structure  docs  not  have  the  extra  propagation 
bands  at  higher  frequency  (cf.,  enclosed  circle  of  Figure  4a).  These  propagation  bands  can  be 
used  to  trap  and  guide  the  electromagnetic  radiation. 


Figure  4.  Opal  structure  PBG  with  0.74  filling  fractions  a.  e=80  and  b.  e=l  1.54. 


The  effect  of  increasing  the  filling  fraction  in  the  opal  structure  is  shown  in  Figure  5.  As  the 
filling  fraction  decreases  the  number  of  bandgaps  increases  and  the  bandgap  width  increases. 


Figure  5.  The  effect  of  filling  fraction  on  the  PBG  of  the  opal  with  £=80  and  no  defect. 

SUMMARY 

A  TMM  software  package  was  used  to  model  the  PBG  structures  of  a  Chigrin’s  Stack  and 
<1 1 1>  opal.  The  permittivities  investigated  were  £r=80  and  1 1.54  and  tan5  =  0.0041  and 
0.00003,  respectively,  corresponding  to  the  materials  of  ferroelectric  40  wt%  Bao.45Sro.55Ti03  /60 
wt%  MgO  composite  and  AI2O3,  respectively.  Calculations  of  the  transmission  through  the 
structure  as  a  function  of  incident  angle  and  normalized  frequency  were  performed.  It  was  found 
that  the  bandgaps  increased  and  the  bandgap  width  increased  with  increased  permittivity.  The 
effects  of  orientation  of  defects  in  the  crystal  were  investigated.  It  was  found  by  introducing 
defects  propagation  bands  were  introduced.  It  was  concluded  that  a  full  PBG  is  possible  with  the 
high  permittivity  material. 
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ABSTRACT 

We  report  on  the  optical  properties  of  two  dimensional  (2D)  photonic  crystals  (PCs)  deeply 
etched  in  an  InP/GalnAsP  step-index  waveguide.  Transmission  (T)  measurements  through 
simple  PC  slabs  and  through  one-dimensional  (ID)  Fabry-Perot  (FP)  cavities  between  PC 
mirrors  are  reported  and  compared  to  theory.  A  2D  finite  difference  time-domain  (FDTD) 
method  combined  to  a  phenomenological  out-of-plane  loss  model  is  used  to  assess  different  loss 
contributions.  The  PC  optical  properties  are  deduced  from  the  FP  peak  analysis.  The  origin  of  the 
high  T  level  observed  inside  the  stopgap  is  investigated. 


INTRODUCTION 

In  photonic  crystal  (PC)  structures  the  periodic  arrangement  of  different  elements  with 
strong  dielectric  contrast  affects  the  properties  of  photons  forbidding  light  propagation  along 
specific  directions  within  relatively  large  energy  bands  known  as  photonic  hand-gaps  (PBGs) 
[1,2].  In  the  last  few  years  it  has  been  proved  that,  although  an  omnidirectional  PBG  is  only 
possible  in  a  three-dimensional  (3D)  PC,  a  two-dimensional  (2D)  PC  combined  to  a  vertical  step- 
index  waveguide  offers  enough  light  control  for  integrated  optics  applications  [3].  The  potentials 
of  this  approach  have  been  successfully  demonstrated  both  in  GaAs-based  structures  (X  ==  1.0 
pm)  [3]  and  in  InP-based  systems  at  telecommunication  application  wavelengths  (?i  ~  1.5  pm) 
[4].  In  this  paper  we  describe  the  optical  characterization  of  quasi-2D  PCs  deeply  etched  into  an 
InP/GalnAsP  slab  waveguide.  The  internal  light  source  (ILS)  technique  is  used  to  measure  the 
transmission  (T)  spectra  through  simple  PC  slabs  and  one-dimensional  (ID)  Fabry-Perot  (FP) 
cavities  formed  between  two  PC  mirrors.  A  2D  finite  difference  time-domain  (FDTD)  method  is 
used  to  best  fit  the  experimental  data.  The  exact  amount  of  out-of-plane  losses  is  assessed  and 
the  hole  depth/shape  contributions  are  analyzed.  The  optical  properties  of  the  PC  structures  are 
determined  and  the  origin  of  the  high  T  level  detected  inside  the  stopgap  is  discussed. 


EXPERIMENT 

Quasi-1T>  PCs  consisting  of  a  triangular  lattice  of  air  holes  were  fabricated  on  nominally 
undoped  GalnAsP/InP  heterostructures  grown  by  metal  organic  vapor  phase  epitaxy  (MOVPE) 
on  n-InP  substrates  (see  figure  1(a)).  Moderate  filling  factor  values  {f~  0.30)  were  chosen  in 
order  to  minimize  out-of-plane  losses  [3,4].  Such  low/values  result  in  a  full  gap  only  in  the 
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transverse  electric  (TE)  polarization  direction.  The  PC  .structures  were  etched  normally  to  an 
InP/GalnAsPAnP  slab  waveguide  containing  a  built-in  light  source.  The  waveguide  core  is  a  434 
nm-thick  Gao.24lno.76As<K52P(WK  layer  lattice  matched  to  InP  and  sandwiched  between  a  200  nm- 
thick  InP  cap  layer  and  a  600  nm-thick  InP  buffer  layer.  In  the  .spectral  region  of  interest  (i.e.,  A. 

~  1550  nm)  the  values  3.35  and  tui.ui  =  3. 17  arc  assumed  for  the  refraction  index  of 
GalnAsP  and  InP,  respectively.  The  resulting  structure  is  a  multimode  waveguide  with  a 
fundamental  guided  TE  mode  corresponding  to  an  effective  index  /?.^=  3.24  [4].  The  light  source 
consists  of  two  different  GalnAsP  strain-compensated  quantum  well  (QW)  packages  separated 
by  a  30  nm  spacer  and  located  approximately  in  the  middle  of  the  guiding  structure  between  two 
181  nm-thick  barrier  layers.  Due  to  the  superimposition  of  the  two  QW  signals  {Xi  =  1.47  pm 
and  A.2  =  1.55  pm)  a  100  nm-wide  PL  peak  centered  at  1500  nm  is  obtained  [4], 

Electron  beam  (e-beam)  lithography  was  used  to  define  the  PC  patterns,  while  dry  etching 
techniques  were  applied  to  transfer  the  pattern  into  the  semiconductor  heterostructure.  In  order  to 
form  a  durable  SiO:  etch  mask  for  the  subsequent  etch  process  the  procedure  described  in  [4,5] 
was  adopted.  Ar/Cb  chemically  assisted  ion  beam  etching  (CAIBE)  [4]  and  Cb/Ar-based 
electron  cyclotron  resonance-RIE  (ECR-RIE)  [5]  were  used  to  pattern  sample  #1  and  sample  #2, 
respectively.  As  sketched  in  figure  1(a),  the  obtained  hole  shape  is  conical  with  nearly  vertical 
walls  close  to  the  surface  and  a  strongly  tapered  bottom.  Figures  1(b)  and  (c)  show  the  cross- 
section  view  scanning  electron  micro.scopy  (SEM)  micrographs  of  two  PC  test  structures  for 
sample  #1  and  sample  #2,  respectively.  In  sample  #1  the  holes  have  oblique  walls  already  inside 
the  waveguide  core  (22)  and  a  slight  bending  towards  the  hole  bottom  is  observed.  Nevertheless, 
the  hole  pattern  is  "ordered":  no  dispersion  in  the  hole  depth  2  =  22  -i-  Ar  is  found  when  the  hole 
diameter  (D)  is  kept  constant.  2  values  of  2.55  pm  are  obtained  for  the  larger  holes  [4].  On  the 
contrary,  in  sample  #2  fluctuations  appear  in  the  hole  depth  yielding  <z>  >  3  pm,  while  no 
bending  is  present  and  the  holes  have  straight  walls  inside  22. 

The  ILS  technique  described  in  [4]  was  used  to  characterize  the  PC  optical  properties. 


Figure  1.  (a)  Sketch  of  the  InP/GalnAsP  waveguide  (WG)  hctcro.structurc.  The  hole  shape 
model  used  to  calculate  the  loss  parameter  value  e"  is  illustrated.  Z2  is  the  thickness  of  the  cap  + 
WG  layer  where  the  holes  are  a.ssumed  to  be  cylindrical,  while  Az  is  the  cone  depth.  The  cone 
half  angle  a  is  also  evidenced,  (b)  and  (c):  edge  view  SEM  micrographs  of  test  photonic  crystal 
(PC)  structures  for  sample  #1  and  sample  #2,  respectively.  The  images  were  taken  before  the 
removal  of  the  SiO:  mask.  In  the  in.set  of  figure  (c)  the  cylindrical  shape  of  sample  #2  holes 
inside  Z2  is  evidenced. 


686 


The  PL  excited  inside  the  GalnAsP  QWs  is  used  as  a  built-in  probe  beam.  Part  of  the  PL  signal 
propagates  parallel  to  the  surface  as  a  guided  mode  and  interacts  with  the  PC  structure.  The 
absolute  PC  T  spectrum  is  obtained  normalizing  the  spectrum  detected  after  transmission  through 
the  PC  structure  with  respect  to  the  spectrum  collected  in  a  non-patterned  region  of  the  sample. 
Details  on  the  experimental  set-up  and  on  the  measurement  schemes  adopted  for  simple  PC  slabs 
and  ID  FP  cavities  are  given  in  [4].  Here  we  remind  that,  since  ILS  measurements  on  a  single  PC 
structure  yield  the  T  spectrum  only  in  a  narrow  interval  (~  100  nm),  the  "lithographic  tuning" 
approach  has  to  be  applied  in  order  to  determine  the  PC  optical  properties  within  a  wide  spectral 
range.  As  the  QW  emission  wavelength  is  fixed,  the  scaling  property  of  PCs  [1]  is  used  and  PC 
structures  with  different  periods  a  are  measured.  If/ is  kept  constant  the  whole  PEG  can  be 
explored  as  a  function  of  the  reduced  frequency  u -  a  IX  [3,4]. 


RESULTS  AND  DISCUSSION 


T  spectra  through  PC  slabs  along  both  FM  and  FK  orientations  and  for  TE  polarization  are 
shown  in  figures  2  (a)  and  (b)  for  sample  #1  (10  rows  thick  slab)  and  #2  (8  rows),  respectively. 
The  layout  of  simple  PC  slabs  is  shown  in  figure  2  (c).  Both  FM  and  FK  oriented  structures  were 
fabricated  with  periods  a  ranging  from  240  to  500  nm  for  sample  #1  {Aa  =  20  nm)  and  from  240 
to  640  nm  for  sample  #2  (Aa  =  20  nm).  Well-defined  PBGs  appear  in  each  spectrum  with  steep 
dielectric  band  edges  at  w  =  0.19  and  0.22  for  FM  and  FK  orientations,  re.spectively.  On  the  other 
hand,  due  to  the  strong  influence  of  out-of-plane  losses  on  T  at  the  air  band  edge  [3],  smooth  T 
bands  appear  at  m  ~  0.28  and  0.30  for  FM  and  FK  orientations,  respectively.  T  values  between 
80%  and  90%  are  reached  for  w  <  0.20,  while  T  <  40%  for  u  >  0.30.  Finally,  an  average  T  =  3  - 
5%  is  observed  inside  the  PBG  for  both  samples. 

The  experimental  T  spectra  are  compared  to  theoretical  spectra  calculated  with  a  2D  FDTD 
model  [6].  The  effect  of  the  vertical  confinement  on  the  light  propagating  through  the  PC  slabs 
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Figure  2.  TE  transmission  spectra  through  FM  and  FK  oriented  photonic  crystal  (PC)  slabs 
for  (a)  sample  #1(10  rows)  and  (b)  sample  #2  (8  rows),  respectively.  Experimental  spectra 
(black  lines)  are  compared  with  2D  finite  difference  time-domain  (FDTD)  calculated  spectra 
(gray  lines),  (c)  Sketch  of  the  typical  layout  of  simple  PC  structures  along  FM  and 
FK  orientations.  Each  slab  is  characterized  by  the  period  a  (or  hole  diameter  D)  value.  Hairlines 
show  the  single  "atomic"  plane  for  both  orientations. 
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was  taken  Into  account  assuming  n  =  n^jj  =  3.24  for  the  dielectric  matrix.  Out-of-planc  losses 
were  cast  into  the  2D  calculation  by  introducing  the  imaginary  e"  as  a  phenomenological  loss 
parameter  [4,7]. /and  e"  were  cho.sen  as  free  parameters  of  the  fit.  The  best-fitted  curves  arc 
reported  in  figures  2(a)  and  (b),  while  in  table  I  the  obtained/and  e"  values  are  listed.  While  for 
sample  #2  both  FM  and  FK  spectra  arc  fitted  assuming  the  same /value,  for  sample  #1  /(FK)  >/ 
(FM).  The  latter  discrepancy  is  due  to  the  hole  squeezing  along  the  FK  direction  originating  in 
the  e-beam  lithography  of  sample  #1  [4].  Different  e"  values  have  to  be  used  to  fit  cither  the 
dielectric  or  the  air  T  band  edge  in  both  samples.  As  shown  in  [4],  e"  oc  (//  x/):  if/ is  constant 
while  increasing  u,  higher  e"  values  have  to  be  introduced.  Moreover,  when  u  is  fixed, /(FK)  > / 
(FM)  implies  e"  (FK)  >  e"  (FM).  Finally,  the  .sample  #2  e"  values  arc  always  higher  than  the 
corresponding  values  of  sample  #1 .  The  different  out-of-plane  loss  level  in  the  two  .samples  has 
to  be  ascribed  to  differences  in  the  hole  morphology  and  in  the  PC  pattern  disorder  (see  below). 

The  e’  values  obtained  from  the  best  fit  of  the  air  band  edge  were  analyzed  in  the  framework 
of  a  loss  model  where  the  total  loss  parameter  is  expressed  as  e"  =  e"  ,,,  +  e"/,,,/,  [8,9]. 
contains  contributions  from  the  finite  etch  depth  and  from  the  conical  hole  shape,  while  e",„, 
accounts  for  the  intrinsic  losses  corresponding  to  the  ideal  case  of  infinitely  deep  holes.  Since  for 
these  InP-based  PC  structures  e",,,,  =  0.01  -  0.02  [4],  the  values  e’W-  (#1)  =  0.105  ±  0.045  and 
£  hole  (^2)  =  0.305  +  0.005  derive  for  sample  #1  and  #2,  respectively.  Following  the  procedure 
illustrated  in  [9]  and  adopting  the  model  hole  shape  sketched  in  figure  1(a),  the  theoretical  value 
e"/,r*  can  be  calculated.  If  the  exponential  decaying  field  profile  ^(z)  =  A  exp  (Kz)  is  assumed  in 
the  substrate,  E"i„,ie  is  a  function  of  K  and  of  the  cone  slope  a  in  the  first  =  K'  [9].  From  the 
SEM  micrograph  analysis  a  ~  2.5°  ±  0.5°  for  both  samples  and  ~  0.30  is  obtained.  While 
the  latter  value  perfectly  agrees  with  (#2),  it  is  2  -  4  times  higher  than  e’V./,-  (#1).  As 
mentioned  in  [4],  the  discrepancy  between  the  calculated  and  the  experimental  (#1)  values 
originates  from  the  complex  hole  geometrical  shape  (c.g.,  hole  bending,  oblique  walls  inside  the 
core)  which  does  not  fit  the  assumed  model  .shape.  On  the  contrary,  when  holes  keep  .straight 
walls  inside  the  cap  +  waveguide  layer  (22),  the  different  loss  contributions  can  be  deduced  from 
the  e  experimental  values  and  e"/,,,/,.  can  be  easily  modeled.  Extrapolating  from  sample  #2  data, 
two  perspectives  emerge  which  can  be  considered  realistic  for  the  actual  etching  techniques. 

First,  it  is  found  that  the  minimum  loss  limit  could  be  reached  for  a  <  0.5°,  i.e.  for  holes  with 
almost  straight  walls  in  some  Ljeaiy^  inside  the  substrate.  On  the  other  hand,  a  less  critical 
reduction  in  the  cone  slope  would  make  possible  to  get  a  sufficiently  low  loss  level  for  good 
performance  PC  applications  (c.g.,  e"  <0.1  for  a  <  1 .5°)  [8]. 

In  order  to  investigate  the  PC  optical  properties  inside  the  PBG,  ID  FP  cavities  were 
fabricated  for  both  samples  using  4  rows  thick  FM-oriented  PC-based  mirrors  {a  =  300  -  480  nm 


Table  I.  Photonic  crystal  (PC)  slabs : /and  e"  values  (FDTD  fit).  1 D  Fabry-Pdrot  (FP)  cavities  : 
optical  properties  of  a  single  4  row  PC  mirror  and  cavity  parameter  values  (Airy’s  function  fit). 


Sample 

PC  slabs  -  FDTD  fit 

ID  -  FP  Cavities  -  Airy's  function  fit 

N 

/ 

e”  (Diel.  B.) 

e"  (AirB.) 

T(%)  R(%)  L(%)  Lp/a  m  Q 

#1 

10 

FM 

FK 

0.30 

0.32 

0.04 

0.06 

0.08 

0.16 

a  =  340  nm  ;  Wla  =  1 .9 

14  i  64  1  22  1  0.36  I  4  I  28 

#2 

8 

FM 

FK 

0.30 

0.30 

0.08 

0.08 

0.32 

0.32 

a  =  340  nm  ;  Wla  =  2.0 

10  1  80  1  10  i  0.40  i  4  1  56 
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and  Afl  =  20  nm)  separated  by  a  spacer  with  a  normalized  width  W  t  a=\.l  -  22  [4].  A  typical  T 
spectrum  through  a  ID  FP  cavity  is  shown  in  figure  3(a)  for  sample  #2  (W  f  a  =  2.0),  The  cavity 
layout  is  sketched  in  figure  3(b).  The  two  peaks  appearing  in  the  T  spectrum  at  m  =  0.22  and  u  = 
0.29  are  due  to  first  and  second-order  FP  resonances,  respectively.  The  experimental  spectrum  is 
compared  to  the  calculated  2D-FDTD  T  spectrum.  The  FM  values  derived  from  the  best  fit  of 
simple  PC  slab  air  band  edges  were  adopted  for/ and  g",  while  the  value  W  j  a  =  1.97  was 
assumed  for  the  cavity  width.  As  for  simple  PC  slabs,  FDTD  calculated  spectra  do  not  agree  with 
the  experimental  data  inside  the  PEG:  the  theoretical  T  value  inside  the  gap  (T  ~  10'^  -  10^  %)  is 
higher  than  the  detected  value  (T  ~  3  -  5  %).  While  the  experimental  FP  peaks  are  located  at 
energies  consistent  with  the  calculated  values,  they  show  higher  peak  T  and  lower  quality  factors 
Q  than  the  simulated  peaks.  As  shown  in  the  inset  of  figure  3(a)  the  Airy's  formula  for  planar 
resonators  is  used  to  fit  the  first-order  FP  resonances  [4]  yielding  the  optical  properties  of  a 
single  4  row  PC  mirror  (see  table  I). 

The  comparison  between  the  separate  analysis  of  simple  PC  slab  and  1 D  FP  cavity  spectra 
for  both  samples  completes  the  picture  given  in  [4].  While  the  fit  of  the  T  air  band  edges  yields 
e"(#2)  >  £"(#1),  from  the  best  fit  of  FP  resonances  inside  the  PEG  the  total  loss  value  L  (#2)  is 
found  to  be  lower  than  the  corresponding  L  (#1)  value.  Moreover,  in  sample  #2  the  T  level  inside 
the  stopgap  decreases  while  reflectivity  (R)  increases  to  80%  giving  Q  (#2)  -  2x  Q  (#\).  In 
order  to  explain  this  apparent  discrepancy  we  remind  that  two  different  effects  may  affect  light 
propagation  through  a  PC  structure  [4].  First,  the  finite  hole  depth  contributes  to  increase  out-of- 
plane  scattering.  On  the  other  hand,  when  entering  the  PC,  the  hole  pattern  is  felt  as  a  low 
refractive  index  contrast  region  and  light  is  pushed  below  the  guiding  layer  {modal  conversion). 
When  energies  outside  the  stopgap  are  considered,  light  propagation  is  allowed  and  Bloch  modes 
propagate  into  the  PC.  As  pointed  out  in  [10],  Bloch  modes  are  strongly  influenced  by  defects 
and/or  disorder  where  out-of-plane  scattering  can  occur.  Therefore,  due  to  dispersion  in  the  cone 
depth  Az  (see  figure  1(c))  which  contributes  to  disorder,  out-of-plane  losses  are  found  to  be 
higher  in  sample  #2  than  in  sample  #1.  On  the  contrary,  the  second  effect  becomes  predominant 
inside  the  stopgap.  Light  propagation  is  forbidden  and  "evanescent"  modes  penetrate  the  PC. 

30  fim 


w 


Figure  3.  (a)  Transmission  spectrum  through  a  ID  Fabry-Perot  (FP)  cavity  between  two  FM 
oriented  4  rows  photonic  crystal  (PC)  mirrors  separated  by  a  spacer  W.  Arrows  indicate 
transmission  peaks  related  to  first  and  second  order  FP  resonances.  Experimental  spectra  (black 
lines)  are  compared  with  2D  finite  difference  time-domain  (FDTD)  calculated  spectra  (gray 
lines).  The  Airy's  function  best-fit  (gray  dashed  line)  of  the  first  order  peak  for  a  ~  340  nm  is  the 
shown  in  the  inset,  (b)  Sketch  of  the  typical  layout  for  ID  FP  cavity.  The  actual  cavity  width  W ' 
taking  into  account  the  finite  penetration  depth  Lp  of  the  field  inside  the  mirrors  is  shown. 
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While  these  modes  are  insensitive  to  defects  and  disorder,  they  are  strongly  influenced  by  the 
nwdal  conversion  and  light  propagation  is  affected  by  the  single  hole  shape  parameters  (c.g.,  the 
hole  depth).  Thus,  since  <2>  (#2)  >  z  (#1),  inside  the  stopgap  light  transmission  is  lowered  in 
sample  #2  with  respect  to  sample  #1 ,  while  R  and  cavity  Q  values  result  to  be  improved. 


CONCLUSIONS 

We  have  reported  on  the  optical  properties  of  2D  PCs  etched  in  InP/GalnAsP  slab 
waveguide  structures.  The  combination  tetween  structural  analysis  and  optical  characterization 
by  ILS  experiments  makes  possible  to  evaluate  which  improvements  are  necessary  in  the 
fabrication  proce.ss.  Two  different  regimes  are  identified  for  light  propagation  inside  the  PC 
structure.  When  light  with  energies  outside  the  PEG  is  considered,  out-of-plane  losses  are  the 
limiting  factor  for  PC  performances.  Improvements  in  the  hole  shape  and  in  the  ordering  of  the 
PC  pattern  should  allow  one  to  lower  the  scattering  towards  the  sub.stratc.  On  the  other  hand, 
when  entering  the  stopgap,  the  hole  "physical"  parameters  (e.g.,  the  hole  depth)  .strongly  affect 
the  PC  optical  properties. 
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ABSTRACT 

We  describe  fabrication  of  sub-micron  photonic  bandgap  structures  on  Si/Si02  optical 
waveguide,  which  could  be  used  at  ?l=]  .54|lm. 

INTRODUCTION 

Control  of  the  propagation  of  light  using  the  photonic  band  gap  (PBG)  effect  in  photonic 
devices  is  the  subject  of  intense  international  effort  PBG  materials  are  optical 
analogs  of  semiconductors.  Main  drive  is  towards  making  structures  that  modulate  free 
photon  dispersion  as  much  as  the  same  way  as  semiconductor  crystal  does  for  electrons. 
A  high  dielectric  contrast  material  system  is  a  fundamental  requirement  for  the  existence 
of  a  PBG.  Silicon  microphotonics,  which  uses  Si  over  Si02  system,  provides  a  large 
index  difference  (A/7-2.0(a)l.54//w)  between  the  core  and  the  cladding  of  the  guide. 
Because  of  the  high  confinement  of  the  optical  wave,  the  waveguide  cross-section  has 
been  miniaturised.  Strip  waveguides  with  holes  of  200nm  diameter  have  been  fabricated. 
The  cross-section  of  the  strip  waveguide  is  0.26x0.5  //m.  We  have  addressed  some  of  the 
important  issues  regarding  fabrication.  On  the  simulation  front,  we  have  used 
commercially  available  software  Fimmprop3D  for  2D  simulation  of  the  device.  Figure 
1(a)  and  (b)  shows  the  simulation  results.  Actual  structure  is  shown  in  the  inset  of  Figure 
1(b). 

High  index  contrast  structures  introduce  a  process  problem  because  performance  is 
limited  by  scattering  loss  from  surface  roughness.  One  important  challenge  towards 
realizing  silicon  microphotonics  lies  in  making  optically  smooth  structure  to  keep  the 
scattering  loss  as  low  as  possible.  The  dominant  source  of  loss  is  the  sidewall  roughness 
scattering  The  increase  is  attributed  to  sidewall  roughness  created  during  the 
waveguide  patterning  process  involving  lithography  and  RIE.^  We  have  proposed 
combined  chlorine-fluorine  based  plasma  as  a  reactive  ion-etching  recipe  for  silicon 
microphotonics.  Extremely  smooth  photonic  structures  of  feature  size  as  small  as  0.1//m 
have  been  made. 

FABRICATION 

PBG  effect  devices  have  been  made  using  high-resolution  lithographic  and  pattern 
transfer  processes,  which  include  electron  beam  lithography  and  reactive-ion-etching. 
The  first  step  is  the  realisation  of  the  plasma  etch  mask.  The  poor  etch  resistance  of 
PMMA  is  serious  limiting  factor  for  pattern  transfer.  The  problem  has  been  overcome  by 
using  A1  as  a  metal  etch  mask. 
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optical  resonance  1 .54micron 


Wavelength  (micron) 

Figure  1.  Simulation  shows  transmission  for  the  waveguide  microcavity  structure 
designed  for  a  resonance  wavelength  at  1 .54  micron 


In  this  work  we  have  used  Unibond  silicon-on  -insulator  wafer  (obtained  from  SOITEC, 
France),  consisted  of  0.26/im  crystalline  silicon  layer  on  1.0//m  Si02  cladding  layer  on 
silicon  substrate. ,  Direct-write  electron-beam  lithography  with  acceleration  voltage  of  60 
kV,  and  12nm  spot  size  is  used  to  generate  the  pattern  in  polymethylmethacrylate 
(PMMA)  that  has  been  spun  at  7000  rpm  and  baked  at  180''c  on  to  the  silicon  substrate. 
The  PMMA  thickness  is  typically  500nm.  The  exposed  chip  was  then  developed  in  3:1 
Isopropyl  Alcohol  and  Methyl-Iso-Butyl-Ketone  (IPA  :  MIBK=3:1)  for  45  .seconds  at 
25  "C  .  The  chip  then  undergoes  30.seconds  of  oxygen  plasma  cleaning  to  remove  any 
resist  debris  from  expo.sed  area. 

Following  the  development  a  thin  layer  ~70nm  A1  has  been  evaporated,  at  O.OOlmTorr 
pressure.  Soaking  the  sample  in  acetone  and  dissolving  the  PMMA  then  lifts  off  Al. 
Normally  the  .sample  is  left  in  Acetone  overnight.  Ultrasonic  agitation  for  approximately 
10-15  .seconds  is  also  required  to  remove  the  circular  Al  films.  Successful  lift-off  results 
an  Al  mask  directly  on  to  the  substrate.  SEM  image  of  a  typical  sample  after  lift-off  is 
shown  in  Figure  2 

.All  RIE  was  performed  on  a  STS  320PC  parallel  plate  etcher  operating  at  13.56MHz. 
There  are  several  plasma  etching  related  considerations  that  can  affect  device 
performance.  These  include  etch  rates  of  Si  and  SiOi  and  their  selectivity  over  Al, 
directionality  of  etching  and  surface  damage. 

Various  gas  combinations  including  CF4/O2,  CF4  /O2/CHF3,  SiCI.,/CF4  have  been 
inve.stigated  to  etch  Si  and  Si02.  Plasma  of  CF4  with  O2  etches  silicon  at  a  rate 
200nni/minute.  Etch  rate  of  oxide  is  rather  slow.  CHF.i  could  be  used  to  etch  oxide. 
Etching  oxide  with  CHF3  has  a  profound  influence  on  silicon  sidewall.  In  fact  one  can 
move  from  isotropic  to  anisotropic  etch  by  controlling  the  flow  rate  of  CHF3.  Figure  2  (a) 
shows  the  undercut  of  silicon  layer  of  SOI  substrate  during  oxide  etching. 
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(a)  (b) 

Figure  2.  (a)  Lift-off  without  any  agitation,  (b)  Lift-off  with  15  seconds  of  ultrasonic 
agitation 


The  CF4  /O2/CHF3  plasma  is  of  particular  interest.  Directional  etching  has  been  done  with 
5  seem  CHF3,  8  seem  CF4,  4  seem  O2,  at  2mTorr,  400W.  These  conditions  were 
optimized  to  give  a  highly  directional  etch  for  silicon  and  oxide  with  an  approximate  etch 
rate  of  150nm/minute.  In  such  a  plasma  each  gas  has  a  specific  influence  to  control  the 
etch  profile.  CF4  produces  the  F*  radicals  for  the  chemical  etching  of  the  silicon  forming 
the  volatile  SiF4,  O2  gives  O*  radicals,  which  passivates  the  silicon  surface  with  SiOxFy 
and  CHF3  produces  CFx+  ions  that  removes  SiO^Fy  layer  by  forming  the  volatile  COxFy 
at  the  bottom  of  the  etched  holes  [8]. 

As  far  as  directionality  and  etch  rate  is  concerned  SiCl4/CF4  plasma  etching  is  another 
possible  optimum  etching  process.  It  is  quite  well  known  to  use  SiCU  plasma  for  etching 
Si  to  achieve  anisotropic  silicon  nanostructures.  Physical  etching  nature  of  chlorine- 
based  plasma  creates  rough  surface,  sometimes-called  “grass”  effect,  is  unacceptable  for 
photonic  wire  fabrication.  Addition  of  CF4  in  the  SiCU  plasma  was  found  to  reduce 
surface  roughness  or  “grass”  effect  It  is  known  that  fluorine  based  etching  of  silicon 
is  isotropic,  while  chlorine-based  plasmas  enable  anisotropic  etching  because  of  sidewall 
passivation.  These  facts  suggest  that  a  chlorine-based  plasma  mixed  with  fluorine  atoms 
could  be  used  to  form  a  user  defined  optimized  profile.  CF4  produces  F*  radicals  as  the 
dominant  etching  species.  When  clean  silicon  is  exposed  to  atomic  fluorine,  it  soon 
acquires  “fluorinated  skin”.  F  atoms,  after  penetrating  the  fluorinated  skin,  attack  Si-Si 
bonds,  resulting  in  stable  volatile  end  product  SiF4,  SiCU  from  SiCU  induces  inhibitor 
type  anisotropy  when  etching  silicon^^'. 

A  mixture  of  20sccm  SiCU  and  20sccm  CF4  have  been  used  to  perform  etching  at  a 
pressure  20mTorr  at  300W  for  Sminute  30  seconds  on  the  SOI  substrates. 

Extremely  smooth  waveguide  with  holes  of  extremely  good  circularity  have  been  found, 
which  clearly  put  this  etching  recipe  as  a  strong  candidate  for  silicon  microphotonics 
fabrication.  The  CF4/SiCU  system  is  one  member  of  a  family  of  etching  mixtures  that  can 
be  used  to  etch  silicon  anisotropically  via  the  inhibitor  mechanism.  Another  possible 
combination  would  be  SiCU/CHFs  at  lOmTorr,  300W.  Manipulation  of  the  feed  mixture 
composition  can  be  used  to  adjust  the  profile  contour  and  degree  of  anisotropy. 

Following  the  etching,  the  A1  is  removed  with  a  wet  etch.  Optical  facet  production  is  the 
next  important  step  for  the  strip  waveguide.  Unfortunately  silcon  doesn’t  cleave  easily. 
Yu  et  al  have  successfully  cleaved  (100)  silicon  by  thinning  the  silicon  substrate  to 
90//m 
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(c) 


Figure  3  Scanning  electron  micrograph  of  X=1.54//m  PBG  waveguide,  (a)  Effect  of 
CHF3  on  silicon  sidewall,  (b)  Device  made  by  CF.,/03/CHF3  plasma,  (c)  Device  made  by 
CFVSiCb  plasma. 


before  cleaving.  We  have  designed  a  special  tool  to  cleave  unthinned  (100)  silicon 
substrates.  A  typical  sample  after  cleaving  is  shown  in  Figure  4. 
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Figure  4  Scanning  electron  micrograph  of  a  ID  optical  cavity  and  of  cleaved  end  face  of 
^=1 .54//m  PBG  waveguide. 

CONCLUSIONS 

In  conclusion,  a  process  has  been  described  for  fabricating  smooth  grass  free  structure  on 
Unibond  SOI  material  for  use  in  silicon  microphotonics  circuit.  A  lift-off  mask  mask  of 
A1  and  combined  chlorine-fluorine  based  plasma  as  a  reactive  ion-etching  recipe  were 
used  to  make  the  structures.  Optical  probing  of  the  structure  to  measure  loss 
characteristics  and  band-gap  behavior  is  under  progress. 
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ABSTRACT 

We  present  three-dimensional  analysis  of  two-dimensional  guided  resonances  in  photonic 
crystal  slab  structures.  This  analysis  leads  to  a  new  understanding  of  the  complex  spectral 
properties  of  such  systems.  Specifically,  we  calculate  the  dispersion  diagrams,  the  modal 
patterns,  and  transmission  and  reflection  spectra  of  these  resonances.  From  these  calculations,  a 
key  observation  emerges  involving  the  presence  of  two  temporal  pathways  for  transmission  and 
reflection  processes.  Using  this  insight,  we  introduce  a  general  physical  model  that  explains  the 
essential  features  of  complex  spectral  properties.  Finally,  we  show  that  the  quality  factors  of 
these  resonances  are  strongly  influenced  by  the  symmetry  of  the  modes,  and  the  strength  of  the 
index  modulation. 

INTRODUCTION 

Photonic  crystal  slabs  are  a  particularly  important  class  of  photonic  crystal  structures.  A 
photonic  crystal  slab  consists  of  a  two-dimensionally  periodic  index  contrast  introduced  into  a 
high- index  guiding  layer  (inset  in  Figure  la).  These  structures  support  in-plane  guided  modes 
that  are  completely  confined  by  the  slab  without  any  coupling  to  external  radiations.  These 
guided  modes  allow  the  control  of  light  within  the  layer  at  the  wavelength  scale.  Therefore,  the 
slab  structure  may  provide  the  basic  substrate  for  large-scale  on-chip  integration  of  photonic 
components  and  circuits.  [1-8] 


wavevector  wavevector 

Figure  1.  The  band  structure  for  (a)  even  and  (b)  odd  modes  in  a  photonic  crystal  slab.  The 
structure  of  the  slab  is  shown  in  the  inset  of  (a),  and  consists  of  a  square  lattice  of  air  holes  with  a 
radius  of  0.2a  introduced  into  a  high-index  dielectric  slab  with  a  dielectric  constant  of  12  and  a 
thickness  of  0.5a.  Even  and  odd  modes  are  defined  with  respect  to  the  mirror  parallel  to  the  slab. 
The  gray  regions  are  the  continuum  of  radiation  modes.  Solid  lines  outside  the  gray  region  are 
guided  modes.  Solid  lines  within  the  gray  region  are  guided  resonances. 
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In  addition  to  in-planc  wave  guiding,  photonic  crystal  slabs  can  also  interact  with  external 
radiations  in  complex  and  interesting  ways.  Of  particular  importance  here  is  the  presence  of 
guided  resonances  in  the  structures,  [9-15].  Similar  to  the  guided  mode,  a  guided  resonance  also 
has  its  electromagnetic  power  strongly  confined  within  the  slab.  Unlike  the  guided  mode, 
however,  the  resonance  can  couple  to  external  radiations.  Therefore,  guided  rc.sonances  can 
provide  an  efficient  way  to  channel  light  from  within  the  slab  to  the  external  environment.  This 
property  has  been  exploited  in  the  designs  of  novel  photonic-crystal  based  light-emitting  diodes 
[11,  16],  lasers  [17,  18],  and  directional  output  couplers  [  19].  In  addition,  the  guided  resonances 
can  significantly  affect  the  transmission  and  reflection  of  externally  incident  light,  resulting  in 
complex  resonant  line  shapes  that  are  useful  in  filter  applications.  [9][20] 

The  purpose  of  this  paper  is  to  present  a  novel  analysis  of  guided  resonances  in  photonic 
cry.stal  slabs.  Our  analysis  elucidates  a  variety  of  complex  spectra  phenomena  as.sociatcd  with 
these  resonances.  We  compute  the  dispersion  diagrams  and  the  eigen-field  distributions  of  these 
resonances  with  a  plane-wave  band  structure  computation  method.  We  then  perform  finite- 
difference  time-domain  simulations  to  detemiinc  the  transmission  and  reflection  spectra,  and  to 
vi.sualize  in  real  time  the  interaction  between  the  resonances  and  the  incident  light.  Emerging 
from  these  simulations  is  a  key  insight  that  involves  the  presence  of  two  temporal  pathways  in 
the  transmi.ssion  and  reflection  processes.  Based  upon  this  insight,  we  introduce  a  general  and 
intuitive  theory,  which  uses  only  interference  and  energy  conservation  arguments,  to  explain  all 
the  complex  features  in  the  spectral  line  shapes.  Finally,  we  analyze  the  angular  and  the 
structural  dependence  of  the  guided  resonances,  and  we  show  the  wide  ranges  of  tunability  in 
quality  factors  for  these  resonances. 

BAND  STRUCTURE  OF  THE  GUIDED  RESONANCES 

Since  the  spectral  features  of  the  guided  resonances  in  a  photonic  crystal  slab  will  turn 
out  to  depend  critically  on  their  modal  propenies,  it  is  helpful  to  begin  our  discussion  with  a  brief 
overview  of  the  band  structure  properties  of  these  resonances.  Throughout  this  paper,  our  model 
system  will  consi.st  of  a  square  lattice  of  air  holes  introduced  into  a  dielectric  slab  (inset  in  Figure 
1 ).  The  thickness  of  the  slab  is  0.5«,  and  the  radius  of  the  holes  is  0.2r;,  where  a  is  the  lattice 
constant.  The  dielectric  constant  of  slab  is  12,  which  roughly  corresponds  to  the  dielectric 
constant  of  Si  or  GaAs  at  optical  wavelengths.  For  such  a  structure,  because  of  the  translational 
symmetries  within  the  plane  of  the  slabs,  the  physical  properties  of  the  slabs  can  be  described  by 
a  band  diagram  that  relates  the  frequencies  of  all  the  three-dimensional  modes  to  the  in-plane 
wave  vectors  [I][2].  The  band  diagram  can  be  computed  by  a  pre-conditioned  conjugate  gradient 
minimization  of  a  Maxwell  operator  expanded  on  a  plane  wave  basis  [21]. 

For  our  model  system  as  shown  in  the  in.sct  of  Figure  1  a,  the  band  diagram  for  the  even 
and  odd  modes  are  plotted  in  Figure  1  (a)  and  (b),  respectively.  Modes  below  the  light  line  are 
bona-fide  guided  modes  with  infinite  lifetime,  in  spite  of  the  large  index  contrast  introduced  by 
the  air  holes.  The  guided  modes  above  the  light  line,  on  the  other  hand,  can  couple  to  radiation 
modes  and  possess  a  finite  lifetime.  These  modes  therefore  become  guided  resonances.  They  are 
called  “guided”  since  they  are  closely  related  to  the  guided  mode  bands  in  a  uniform  slab,  and 
should  therefore  retain  significant  portions  of  the  electromagnetic  power  within  the  dielectric 
slab. 

The  presence  of  the  air  holes  in  the  crystal  also  generates  a  discrete  translational  and 
rotational  symmetry,  and  thereby  dictates  the  degeneracy  of  the  bands.  At  most  A-points,  (except 
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Figure  2.  The  frequencies  of  the  resonances  at  F  as  a  function  of  the  radius  of  the  holes  in 
the  slab.  The  slab  has  a  dielectric  constant  of  12  and  a  thickness  of  0,5a.  The  modes  are  four-fold 
degenerate  in  the  structure  without  holes.  For  structures  with  holes,  the  four-fold  degeneracy  is 
broken,  resulting  in  a  pair  of  doubly  degenerate  states,  and  two  singly  degenerate  states. 


for  the  special  points  F,  X  and  M),  the  bands  are  singly  degenerate.  At  the  F  point,  the  point 
group  supports  a  two-dimensional  irreducible  representation,  allowing  for  the  existence  of 
doubly  degenerate  states.  Therefore,  the  four-fold  degeneracy  at  the  F  point  for  a  uniform  slab 
splits  in  the  presence  of  the  air  holes,  as  clearly  seen  in  Figure  2,  where  we  plot  the  frequencies 
of  the  resonant  modes  at  F  as  a  function  of  the  radius  of  the  holes.  As  the  radius  of  the  holes 
increases,  the  modes  separate  into  a  pair  of  doubly  degenerate  states  and  two  singly  degenerate 
states. 

For  the  crystal  structure  with  r  =  0.20a,  we  show  the  power  density  distribution  of  the 
first  resonant  band  at  F  in  Figure  3.  The  mode  is  singly  degenerate  with  a  frequency 
Q}  =  035  ■  (^TTcia).  Since  any  singly  degenerate  mode  should  belong  to  a  one-dimensional 
irreducible  representation,  the  power  density  distribution  of  the  mode  should  possess  the  full 
symmetry  of  the  lattice.  This  can  be  seen  in  Figure  3(a),  which  shows  the  spatial  distribution  of 
the  power  density  on  a  slice  parallel  to  the  slab.  Also,  the  resonant  nature  of  this  mode  is 
exhibited  in  Figure  3(b),  which  shows  that  the  power  density  is  strongly  confined  within  the  slab. 


(a)  Horizontal  cut  (b)  Vertical  cut 


Power  density  in  E  field 
0  max 


Figure  3.  Spatial  distribution  of  the  power  density  in  electric  fields  on  (a)  a  horizontal  slice, 
and  (b)  a  vertical  slice,  for  the  lowest-order  singly  degenerate  resonance  at  F.  The  lines  indicate 
the  position  of  the  interface  between  dielectric  and  air.  The  white  color  represents  low  intensity 
and  the  dark  color  represents  high  intensity,  as  indicated  by  the  color  bar  at  the  bottom  of  the 
figure. 
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The  band  structure  computations  thus  allow  us  to  examine  the  dispersion,  the  field 
distributions,  and  the  symmetry  properties  of  the  guided  resonances.  For  a  complete 
understanding  of  these  resonances,  however,  we  must  also  study  their  lifetimes,  and  their 
interactions  with  external  radiations.  These  questions  will  be  addressed  in  the  next  session  by 
finite-difference  time-domain  simulations. 

TIME-DOMAIN  ANALYSIS  OF  THE  GUIDED  RESONANCES 

Computational  methods 


The  computational  domain  for  our  finite-difference  time-domain  study  [22]  includes  a 
single  unit  cell  of  the  crystal.  On  the  top  and  bottom  surfaces  of  the  computational  domain,  we 
impose  the  PML  absorbing  boundary  conditions  [23],  For  the  remaining  four  surfaces  that  are 
perpendicular  to  the  slab,  we  impose  a  Bloch  periodic  boundary  condition  on  the  electric  fields 

E: 


E(/+ a)  =  /"£(/•)  (I) 

Here,  a  is  a  lattice  vector  of  the  square  lattice,  and  k  Is  a  wavevcctor  that  is  parallel  to  the  slab. 
We  note  that  by  Bloch’s  theorem,  k  is  a  conserved  quantity  in  the  scattering  process. 

We  generate  an  incident  plane  wave  by  placing  a  source  plane  consisting  of  oscillating 
dipoles  near  the  top  surface  of  the  computational  domain.  For  two  dipoles  in  the  plane  that  are 
separated  by  a  distance  vector  /•,  we  set  the  relative  phase  between  them  to  be  e'* ' .  Therefore,  in 
combination  with  the  boundary  condition  as  specified  in  Eq.  ( 1 ),  the  source  plane  generates  an 
incident  plane  wave  with  a  parallel  wavevector  component  k.  In  addition,  the  amplitudes  of  the 
dipole  moments  are  set  to  oscillate  at  a  constant  frequency  with  a  Gaussian  profile  to  create  a 
temporal  pulse.  This  computational  setup  thus  allows  us  to  calculate  the  response  functions  of 
the  structure  at  a  given  k  for  a  wide  range  of  frequencies  in  a  single  simulation  run.  (Notice  that 
this  is  not  a  constant  incidence  angle  calculation.  At  a  fixed  parallel  wavevector  k,  the  incidence 
angle  changes  with  frequency.) 

The  transmission  and  reflection  spectra  are  obtained  by  first  Fourier  transforming  the 
recorded  time  sequence  of  field  amplitudes  at  their  respective  monitor  points.  (We  note  that 
monitoring  the  field  amplitudes  only  at  the  two  monitor  points  is  valid  for  the  frequency  range 
oxlTicta,  where  no  diffraction  occurs.)  The  spectra  arc  then  nonnalized  with  respect  to  the 
incident  pulse  that  is  calculated  in  an  identical  simulation  in  vacuum  without  the  slab  structure. 
For  reflection,  the  normalization  .step  is  preceded  by  subtracting  the  incident  pulse. 

Transmission  and  reflection  spectra 

Using  the  computational  setup  as  described  in  Section  III.l,  we  calculate  the  transmission 
and  reflection  coefficients  at  various  k-points  for  the  structure  as  shown  in  Figure  1 .  In  the  case 
where  k  =  x-  02-271  la ,  the  calculated  spectra  for  the  .r-polarizcd  incident  wave  arc  shown  in 
Figure  4.  (An  .y-polarized  wave  has  its  electric  field  perpendicular  to  the  plane  of  incidence.  In 
this  case,  the  electric  field  is  polarized  along  the  y-direction).  The  spectra  consist  of  sharp 
resonant  features  superimposed  upon  a  smoothly  varying  background. 
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Figure  4.  (a)  Transmission  and  (b)  reflection  spectra.  The  solid  lines  are  for  the  photonic 

crystal  structure  shown  in  the  inset  of  Figure  1(a).  The  dashed  lines  are  for  a  uniform  dielectric 
slab  with  a  frequency  dependent  dielectric  constant,  as  defined  in  Eq.  (2),  and  a  thickness  of 
0.5a.  The  incident  wave  is  ^r-polarized,  and  has  a  parallel  wave  vector  ^  =  0.2  •  2;r/aaIong  the  x- 
direction. 

The  background  in  Figure  4  resembles  the  Fabry-Perot  oscillations  when  light  interacts 
with  a  uniform  dielectric  slab.  To  clearly  see  this,  we  fit  the  background  to  the  spectra  of  a 
uniform  slab,  which  are  shown  as  dashed  lines  in  Figure  4.  The  uniform  slab  has  the  same 
thickness  of  0.5^z  as  the  crystal,  and  the  light  is  incident  with  the  same  polarization  at  the  same 
parallel  wave  vector.  The  dielectric  constant  of  the  uniform  slab  ei,  as  obtained  by  the  fitting 
procedure,  represents  an  effective  dielectric  constant  for  the  photonic  crystal.  Due  to  the 
presence  of  the  holes,  such  Ej  is  a  slowly  varying  function  of  the  frequency.  At  low  frequencies, 
the  wavelength  of  incident  light  is  large,  and  Ej  for  this  polarization  approaches  the  average 
dielectric  constant  EavgOf  the  crystal.  At  higher  frequencies,  as  the  incident  wave  probes  more 
details  of  the  crystal  structure,  E|  starts  to  deviate  from  Eavg.  Within  the  frequency  range  in  Figure 
4,  i.e.  between  0.25  •  Inc  la  and  0.60  •  Inc  ja,  we  have  found  that  a  frequency-dependent 
dielectric  constant 

=  -14.16 -tyV  15.18  7.18  (2) 

gives  a  very  good  fit  of  the  background  (Figure  4).  The  fit  here  corresponds  to  varying  co  from 
10.62  at  = 0.25  •  2nc  jaio  1 1 .5  at  0)  =  0.60  •  2nc  fa .  (As  a  comparison,  the  average  dielectric 
constant  for  the  crystal  is  10.6.)  Therefore,  except  for  the  sharp  resonance  features,  the 
background  of  the  spectra  for  the  crystal  can  be  adequately  accounted  for,  using  the  model  of  a 
uniform  dielectric  slab  with  a  frequency-dependent  dielectric  function. 

Line  shape  analysis 

Superimposed  upon  the  smooth  background  in  the  spectra  for  the  crystals  are  sharp 
resonant  features.  Such  features  come  from  the  guided  resonances  of  the  slab.  In  most  cases,  the 
line  shapes  for  these  resonances  are  asymmetric  and  rather  complicated.  Extensive  experimental 
and  theoretical  work  has  been  performed  for  guided  resonances  in  structures  with  one- 
dimensionally  periodic  index  variation.  [24-31]  For  structures  with  two-dimensional  periodicity, 
these  resonances  have  also  been  studied  numerically  using  the  Rigorous  Coupled  Wave  Analysis 
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(RCWA)  method  [20],  and  analytically  using  vector  coupled-mode  theory  [13][15].  Here,  we 
would  like  to  present  a  novel  analysis  from  a  time-domain  perspective.  We  will  observe  the 
important  features  in  the  time-domain  signatures  of  the  resonances.  And,  based  upon  the 
observation,  we  will  introduce  a  general  and  intuitive  model  to  account  for  the  underlying 
physics. 

The  transmission  and  reflection  spectra  are  related  to  the  time-varying  fields  by  a  Fourier 
transformation.  It  is  therefore  informative  to  examine  the  time  dependency  of  the  fields.  As  an 
example,  we  show  in  Figure  5(a)  the  electric  field  amplitude  at  the  transmission  monitor  point  as 
a  function  of  time  steps,  for  the  calculation  that  gives  the  spectra  shown  in  Figure  4.  The  time 
sequence  consists  of  two  distinct  stages:  an  initial  pulse,  and  a  tail  of  long  decay. 

The  presence  of  these  two  stages  indicates  the  existence  of  two  pathways  in  the 
transmission  processes.  The  first  pathway  is  a  direct  transmission  process,  where  a  portion  of  the 
incident  energy  goes  straight  through  the  slab  and  generates  the  initial  pulse.  The  Fourier 
transformation  of  the  initial  pulse  should  account  for  the  background  in  the  transmission  spectra. 
The  second  pathway  is  an  indirect  transmission  process,  where  the  remaining  portion  of  the 
incident  energy  excites  the  guided  resonances.  The  power  in  the  resonances  then  decays  slowly 
out  of  the  structure  and  produces  the  long  decaying  tail.  By  Fourier  transforming  the  decaying 
tail,  we  obtain  the  typical  symmetric  Lorentzian  line  shapes,  as  shown  in  Figure  5(b).  The 
analysis  of  the  re.sonant  line  shape  thus  allows  us  to  determine  the  quality  factor  Q  of  the 
resonance.  A  few  examples  of  the  Q  values  for  this  structure  are:  360  for  the  resonance  at 
fi;=0.31  •  (2;rc7a),  and  2500  for  the  re.sonance  at  rw=0.36  •  i^TCc  Ici).  The  interference  between 
the  direct  and  the  indirect  pathways,  therefore,  determine  the  transmission  property.  The  same 
observation  can  be  made  for  the  reflected  amplitude  as  well.  In  solid  state  and  atomic  physics, 
similar  interference  phenomena  are  commonly  referred  to  as  the  Fano  resonances  [32].  Such 
temporal  interference  phenomenon  has  also  been  analyzed  previously  for  surface  plasmon  in 
metallic  thin  films  [33]. 

Taking  into  consideration  the  interference  between  these  two  pathways,  we  can  construct 
a  simple  and  intuitive  model  that  quantitatively  explains  the  line  .shape.  We  express  the 
transmitted  amplitude  t,  and  the  reflected  amplitude  r,  as  follows: 


+/. _ 1 _ 

■'  '■(<«- "0)+/ 

(3) 

i{(0-(o,,)+y 

(4) 

Here,  and  are  the  direct  transmission  coefficients,  o>)  and  7  are  the  center  frequencies  and  the 
widths  of  the  Lorentzian  from  the  resonance,  and  the  factor/ is  the  complex  amplitude  of  the 
resonant  mode. 

The  plu.s/minus  sign  in  Eq.  (4)  corre.sponds  to  resonant  modes  that  are  even/odd  with 
respect  to  the  mirror  plane  parallel  to  the  slab.  We  note  that  the  Lorentzian  functions  in  Eqs.  (3) 
and  (4)  correspond  to  the  decaying  amplitudes  of  the  re.sonances  to  the  reflection  and 
transmission  sides  of  the  slab,  respectively.  For  an  even  mode,  the  decaying  amplitudes  to  the 
two  sides  of  the  slab  are  in  pha.se,  while  for  an  odd  mode  the  decaying  amplitudes  are  180-degree 
out  of  phase.  Thus,  the  signs  in  Eq.  (4)  are  different  for  modes  with  different  mirror-plane 
symmetry  properties. 
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Figure  5.  (a)  The  field  amplitude  at  the  monitor  point  as  a  function  of  time  step,  for  the 

same  calculation  as  shown  in  Figure  4.  Notice  the  existence  of  two  separate  stages:  an  initial 
pulse,  and  a  long  decaying  tail  (b)  The  Fourier  transformation  of  the  amplitude  as  shown  in  (a) 
from  time  step  20,000  -  100,000.  The  spectral  intensity  exhibits  Lorentzian  line  shapes. 


The  factor/ can  in  fact  be  determined  purely  by  energy  conservation  arguments.  We  note 

that: 


(5) 

Moreover,  since  and  td  are  the  transmission  and  reflection  coefficients  through  an  uniform  slab 
with  the  appropriate  effective  dielectric  constant,  we  should  have 


Constraints  (5)  and  (6)  together  uniquely  determine  the  factor/.  Plugging  Eqs  (3),  (4), 
and  (6)  into  Eq.  (5),  we  have,  for  any  co: 


-2i/r 
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I  r 

+ 

1 

,  (7) 


which  can  only  be  satisfied  if: 

It  is  interesting  to  note  here  that  the  factor  f  is  independent  of  the  resonant  line  width  y. 

The  parameters  rj  and  td  represent  the  background  of  the  spectra.  Therefore,  as  discussed 
earlier  in  Section  III.2,  such  parameters  can  be  determined  by  fitting  the  background  to  the 
response  spectra  of  a  uniform  slab,  as: 
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(9) 


In  obtaining  Equations  (9)  and  (10),  we  assume  a  positive  frequency  convention,  in  order  to  be 
consistent  with  the  Lorcntzian  functions  that  wc  have  chosen  for  the  resonance  in  Equation  (3) 
and  (4), 

We  note,  in  particular,  when  =  0,  and  /^  =  1 ,  from  Eqs.  (3),  (4),  and  (8),  the  reflection 
and  the  transmission  coefficients  become: 


i(co-co,,)+y 


(13) 


and 


/-  =  +■ 


y 

i{a)-0},,)+r 


(14) 


The  line  shapes  thus  become  symmetric,  and  the  structure  behaves  as  a  narrow-band  reflector 
with  a  Lorentzian  reflectivity  line  shape.  Previously,  this  scenario  was  noted  by  Wang  and 
Magnusson  [26],  In  the  general  case  when  0,  on  the  other  hand,  the  line  shape  becomes 
asymmetric.  The  transmission  can  vary  from  0%  to  100%  within  a  very  narrow  frequency  range. 
A  small  shift  in  the  resonant  frequency  may  therefore  lead  to  a  drastic  change  in  the  response 
function.  This  effect  may  be  exploited  in  the  design  of  optical  sensors  and  switches. 
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Figure  6.  Comparison  of  theory  and  simulations.  The  empty  circles  in  (a)  and  (b)  are 
numerical  results  taken  from  Figure  5(a),  which  corresponds  to  the  two  lowest-ffequency 
resonances.  The  solid  lines  are  theoretical  predictions  from  Eqs.  (3),  (8),  (9)  and  (10).  The 
parameters  of  the  theory  for  the  two  resonances  are:  (a)  =0.3076  -  2;rc7 a, 

7=4.191-10'^  •2;zf/«;(b)  ty,  =0.3601- 2;rc/«,  7=7.2483-10'' -27Zf/«. 

We  compare  our  theoretical  predictions,  as  defined  by  Eqs,  (3),  (4),  (8),  (9)  and  (10),  to 
the  numerical  results  for  the  first  two  resonances  shown  in  Figure  5.  (Both  of  these  resonances 
are  even.)  The  frequency  to  and  the  width  y  of  each  resonance  are  determined  from  the 
simulations.  The  only  fitting  parameter  here  is  the  effect  dielectric  constant  Ei,  which  we  take 
from  Equation  (2).  The  theoretical  results  thus  obtained  are  shown  as  solid  lines  in  Figure  6.  The 
theory  agrees  completely  with  the  numerical  simulations. 

Wavevector  dependency  of  the  resonances 


To  explore  the  wavevector  and  polarization  dependency  of  the  resonances,  we  performed 
calculations  at  different  values  of  ^x,  for  an  incident  wave  that  is  either  s-  or  p-  polarized.  (The  s- 
polarization  has  the  electric  field  perpendicular  to  the  plane  of  incidence,  while  the  p-polarization 
has  the  magnetic  field  perpendicular  to  the  plane  of  incidence).  We  determine  the  position  and 
the  width  of  the  resonances  by  Fourier  transforming  the  decaying  tail,  as  discussed  earlier  in 
section  III.3.  The  results  are  summarized  in  Figure  7(a),  where  we  show  the  frequencies  of  the 
resonances  as  a  function  of  ^x-  Incident  waves  with  different  polarizations  excite  different 
resonances,  since  the  two  polarizations  possess  different  symmetries  with  respect  to  yz-mirror 
plane. 

We  note  that,  in  Figure  7(a),  some  of  the  bands  do  not  continue  to  the  F  point.  In  other 
words,  certain  resonances  at  F  do  not  couple  to  either  polarization  of  the  incident  wave.  A  closer 
examination  of  Figure  7(a)  reveals  that  all  these  uncoupled  resonances  are  singly  degenerate. 
Previously,  this  effect  was  observed  experimentally  by  Pacradoni  et  al  [14],  and  discussed 
theoretically  by  Paddon  and  Young  [13],  and  by  Ochiai  and  Sakoda  [25] 

To  further  explore  the  wavevector  dependency  of  the  resonance,  in  Figure  7(b)  we  plot 
the  quality  factors  of  the  resonances  as  a  function  of  k^,  for  the  four  lowest  bands  in  Figure  7(a). 
For  bands  with  different  symmetry  properties,  the  behavior  of  the  quality  factors  is  very 
different.  The  Q  factors  approach  a  constant  as  vanishes  for  the  modes  that  connect  to  the 
doubly  degenerate  states  at  F.  For  the  modes  that  connect  to  the  singly  degenerate  states,  on  the 
other  hand,  the  Q  factors  of  the  modes  diverge.  The  calculation  clearly  demonstrates  that  the 
symmetry  of  the  modes  can  significantly  influence  the  photon  lifetime  of  the  resonances. 
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Figure  7.  (a)  The  frequencies  of  the  resonances  as  a  function  of  wavevcctor,  for  the 

structure  as  shown  in  the  inset  of  Figure  la,  as  determined  from  the  time-domain  simulations. 
The  solid  circles  corre.spond  to  the  resonances  that  arc  excited  by  the  p-polarizcd  incident  waves, 
the  empty  circles  correspond  to  the  resonances  that  are  excited  by  the  s-polarized  incident  waves. 
Notice  that  some  of  the  bands  do  not  continue  to  F,  indicates  the  existence  of  uncoupled  states  at 
r  (b)  The  quality  factor  as  a  function  of  wavevcctor,  for  the  four  lowest  bands  in  (a).  The  solid 
lines  correspond  to  modes  that  connect  to  the  doubly  degenerate  state  at  F  point.  The  broken 
lines  correspond  to  modes  that  connect  to  the  singly  degenerate  state  at  F  point. 
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Figure  8.  The  transmission  spectra  at  normal  incidence,  for  cry.sta!  slab  structures  with  a 
radius  of  (a)  0.05a;  (b)  0.  lOa;  (c)  0.15a,  and  (d)  0.20a.  All  the  structures  have  a  thickness  of  0.5a, 
and  a  dielectric  constant  of  12. 
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Radius  dependence  of  the  resonance. 

In  addition  to  symmetry  related  effects,  the  lifetime  of  the  resonances  is  also  strongly 
influenced  by  the  radius  of  the  holes.  At  the  limit  where  the  radius  of  the  holes  approaches  zero, 
the  Q  factor  for  all  the  resonances  should  diverge,  since  the  resonances  asymptotically  become 
real  guided  modes.  To  demonstrate  this  effect,  we  plot  in  Figure  8  the  transmission  spectra  at 
normal  incidence  for  four  different  structures  with  the  radius  varying  from  0.05<3  to  0.20^?.  The 
spectral  feature  for  the  resonances  indeed  becomes  sharper  as  the  radius  becomes  smaller.  For 
the  lo west-order  resonances,  the  Q  factor  varies  from  approximately  5000  at  /■  =  0.05«,  to  213  at 
r  =  0.20a.  At  a  larger  radius,  the  Q-factor  should  be  even  lower. 

The  tunability  of  the  quality  factor  with  respect  to  the  radius  of  the  holes  is  important  for 
LED  and  laser  applications.  For  photonic-crystal  resonant-cavity  LED  structures,  optimal 
efficiency  occurs  when  the  line  width  of  the  resonances  become  comparable  to  the  line  width  of 
the  emitter  [35].  On  the  other  hand,  for  a  laser  structure,  a  high-Q  resonance  is  typically  desirable 
for  threshold  reduction.  Therefore,  as  we  have  demonstrated  in  this  paper,  photonic  crystal  slab 
structures  are  very  versatile,  and  can  be  specifically  tailored  for  different  light  emitting 
applications. 

SUMMARY 

In  summary,  we  present  a  three-dimensional  frequency  and  time-domain  analysis  of 
resonances  in  photonic  crystal  slab  structures.  These  resonances  are  strongly  confined  with  the 
dielectric  slab,  and  yet  at  the  same  time  are  coupled  to  radiation  modes.  For  external  light 
incident  upon  these  slabs,  the  transmission  and  reflection  spectra  are  strongly  modified  by  the 
presence  of  these  resonances.  The  line  shapes  exhibit  complex  asymmetric  characteristics.  We 
show  that  all  the  complexities  in  the  line  shapes  can  be  accounted  for  with  a  simple  analytic 
model  describing  the  interference  between  direct  transmission  (or  reflection),  and  the  exponential 
decaying  amplitudes  of  the  resonances.  We  also  demonstrate  that  the  quality  factors  of  these 
resonances  are  strongly  influenced  by  the  symmetry  of  the  modes,  and  the  radius  of  the  holes. 
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ABSTRACT 

We  describe  a  technique  for  obtaining  effective  second  order  non-linearity  in  non 
centro-symmetric  Photonic  Crystal  made  from  centro-symmetric  materials  (e.g.  glass,  Ge  or  Si). 
The  effect  is  based  on  the  electric  quadrupole  transition,  strong  electromagnetic  mode 
deformation  and  different  contributions  to  the  volume  polarization  from  different  parts  of  the 
photonic  crystal'. 

INTRODUCTION 

Many  new  application  based  on  different  physical  phenomena  are  feasible  now  with  the 
help  of  photonic  crystals.  Possibility  to  design  photonic  density  of  states  and  spatial 
electromagnetic  modes  structure  open  new  ways  for  creation  of  materials  with  extraordinary 
optical  properties. 

The  second  order  nonlinear  materials  are  highly  required  both  for  fundamental  research 
and  for  industrial  applications.  Unfortunately  there  are  many  constrains  that  limit  the  choice  of 
such  materials:  the  value  of  ^  should  be  reasonably  high,  absorption  in  required  spectrum  should 
be  low,  high  damage  threshold  is  required  and  finally  to  possess  second  order  non-linearity  the 
materials  has  to  be  non-centro-symmetric.  The  latter  immediately  eliminates  all  amorphous 
materials  (like  glass  or  Silicon)  and  crystals  from  1 1  of  32  symmetry  classes.  Hence  the 
technology  that  allows  fabrication  of  non-linear  materials  from  previously  unsuitable  centro- 
symmetric  substrates  can  significantly  enlarge  the  material  choice  for  non-linear  optics. 

A  local  second  order  polarization  exists  even  in  centro-symmetric  materials  due  to 
the  higher  than  dipole  electromagnetic  transitions^.  The  asymmetry  of  the  electromagnetic  field 
spatial  mode  leads  to  quadrupole  transition,  while  dipole  transition  is  based  on  the  asymmetry  of 
the  electron  wave  function.  The  second  order  polarization  corresponding  to  a  quadrupole 
transition  is: 

pf^Q'.E^E  (1) 

where  0  is  a  fourth-order  tensor.  Generally  the  volume  contribution  of  eq.  (1)  polarization 
vanishes,  due  to  periodicity  of  electromagnetic  mode  and  gradient  dependence  of  quadrupole 
transition  polarization.  However  the  result  in  properly  designed  photonic  crystals  can  be  quite 
different. 

Integration  of  eq.  (1)  over  the  volume  in  dielectric/air  photonic  crystal  can  be  different 
from  zero  due  to  not  equal  contribution  to  volume  polarization  from  different  parts  of  the  crystal. 
The  polarization  of  the  air  regions  can  be  totally  neglected  due  to  low  electron  density. 
Constructing  photonic  crystal  in  such  a  way  that  in  dielectric  part  the  quadrupole  polarization  has 
one  sign  and  in  the  air  the  opposite,  effective  "structural"  volume  polarization  can  be  obtained. 
The  required  symmetry  breaking  is  introduced  on  the  macroscale  of  the  photonic  crystal  unit 
cell,  contrary  to  atomic  scale  asymmetry  in  ordinary  non-linear  materials.  Electromagnetic  mode 
inside  photonic  crystal  can  be  highly  modulated^,  leading  to  large  V£  term. 


709 


Figure  1:  Array  of  waveguides  in  Photonic  Band  Gap  Crystal.  The  electromagnetic  mode  with 
frequency  inside  the  gap  is  strongly  modulated  in  this  structure. 


The  theoretical  analysis  leads  to  the  following  estimation  for  effective  second  order 
susceptibility  induced  by  quadrupole  effect: 

_  —  fjQ 

^  sir  ^  ’  ovt  rUtp^  rvtii  (2) 

where  d  is  characteristic  interatomic  dimension,  X  is  radiation  wavelength,  q  is  numerical 
coefficient  (generally  >  10)  that  indicates  the  difference  between  dipole  and  quadrupole 
transition  matrix  elements,  poveriap  (generally  =  1 )  depends  on  eletromagnetic  modes  structure 
inside  the  photonic  crystal  and  is  .some  characteristic  value  for  ordinary  second  order 
susceptibility.  From  previous  experiments  on  the  surface  non-linear  effects  in  Si  and  Ge,  it  is 
possible  to  estimate  that  in  photonic  cry.stals  made  from  these  substrates  can  be  comparable 

with  second  order  susceptibilities  of  ordinary  non-linear  materials.  This  result  (2)  is  valid  for 
both  2D  and  3D  properly  designed  photonic  crystals’. 

Photonic  crystals  with  strong  .spatial  modulation  of  electromagnetic  field  are  the  preferred 
structures  for  the  proposed  method.  In  photonic  crystal  strong  modulation  can  be  obtained  due  to 
spatial  photon  density  of  states  modification  by  defects  incorporating  or  due  to  initially 
modulated  electromagnetic  model  We  will  concentrate  on  specific  .structure:  the  photonic  crystal 
that  consists  of  periodic  defects  lattice  in  the  Photonic  Band  Gap  environment.  A  single  defect  in 
PBG  environments  can  po.ssess  localized  modes  for  frequencies  inside  the  gap.  This  means  that 
for  such  frequencies  in  periodic  lattices  of  defects,  the  mode  might  not  be  localized,  but  strongly 
modulated.  This  .structure,  in  our  opinion,  .should  provide  the  maximum  effect  and  its  fabrication 
is  feasible. 

The  defects  .should  be  asymmetric  and  possess  dielectric/air  structure.  In  this  case 
maximum  volume  contribution  of  polarization  (after  integration  of  eq.  1)  can  be  obtained.  In  our 
opinion  the  hollow  cavities,  partially  filled  with  the  substrate’s  material,  are  the  best  candidates 
for  the  proposed  method. 


RESULTS 


The  specific  ca.se  of  Optical  Parametric  Oscillations  (OPO)  in  array  of  air  waveguides 
inside  Photonic  Band  Gap  Crystal  was  numerically  and  theoretically  .studied.  The  mode 
modulation  in  such  structure  achieved  due  to  lower  photon  state  density  in  PBG  environment  and 
strong  light  confinement  inside  the  waveguides.  The  required  break  of  symmetry  was  introduced 
by  partial  dielectric  filling  of  the  waveguides  (see  Figure  1). 
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The  numerical  simulation  of  light  propagation  in  such  structure  (see  Figure  2)  clearly 
shows  that  asymmetric  modulated  mode  can  be  achieved  leading  to  non-vanishing  bulk 
quadrupole  polarization.  The  analysis  of  the  obtained  results'  proves  that  the  prediction  (2)  is 
valid. 


Figure  2:  Numerical  FDTD  simulation  results  for  TE  electromagnetic  mode  propagation  in 
waveguide  array  in  2D  PBG  crystal.  PBG  is  a  hexagonal  array  of  holes  in  Si  substrate  (lattice 
constant  a=0.6  jLim,  rla  =  0.4S).  Waveguides  are  obtained  by  removing  of  the  array  of  the  unit 
cells  and  separated  by  the  single  unit  cell.  They  are  partially  air  filled  (m'  =  0.7  fim).  It  leads  to 
asymmetric  mode  structure.  The  simulation  was  performed  with  FullWave  commercial  software. 
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DISCUSSION 


The  proposed  non-linearity  is  the  intrinsic  property  of  photonic  crystals.  Indeed  the 
spatial  mode  modulation  can  be  achieved  without  PBG,  but  it  is  extremely  difficult  to  create  an 
asymmetric  dielectric/air  high-Q  resonator.  All  ordinary  resonators  (waveguides^  spheres  or 
microdisks)  are  highly  sensitive  to  any  geometrical  or  refractive  index  perturbations.  Defects  in 
PBG  environment  are  much  more  robust  and  flexible  resonators,  which  can  accomplish  the  task. 
Not  surprisingly  the  guiding  of  light  in  air  was  accomplished  with  the  help  of  photonic  crystals^ 
by  creation  a  defect  in  PBG  environment  or  by  “SuperMirror”  waveguide. 

For  efficient  non-linear  process  phase  matching  conditions  have  to  be  satisfied. 

Otherwise  the  signal  from  different  points  along  propagation  will  be  in  destructive  interference. 
Generally  in  most  ordinary  non-linear  materials  this  condition  can  be  influenced  only  by  change 
of  the  propagation  direction.  Another  method  is  achieving  artificial  phase  matching  by  periodic 
modulation  of  the  sign  of  non-linear  tensor  coefficient.  It  can  be  done  c.g.  in  ferroelectric  crystals 
using  periodic  poling.  In  non  centro-symmetric  Photonic  Crystals  modulation  of  the  non-linear 
coefficient  can  be  introduced  during  fabrication  by  inversion  of  unit  cell  structure  (.see  Figure  3). 

Integrated  optics  is  one  of  the  possible  future  applications  for  structural  materials. 
Broad  use  of  ordinary  non-linear  materials  in  integrated  optics  is  limited  due  to  incompatibility 
of  different  processes  and  high  production  price.  Creation  of  effective  non-linearity  from  wafer’s 
substrate  itself  can  .solve  the.se  problems. 

The  current  attenuatiation  losses  in  2D  waveguides  are  high,  due  to  radiation  losses  in  the 
third  direction.  It  is  a  technical  (not  fundamental)  problem  to  the  implementation  of  the  proposed 
method  by  this  technology,  as  well  as  for  the  entire  2D  technology  itself.  There  is  a  great  effort 
by  many  groups  to  bring  these  lo.s.ses  to  the  level  of  ordinary  integrated  optics  (sub  cm- 1).  The 
problem  of  losses  is  much  less  crucial  in  photonic  crystal  fibers  and  3D  photonic  band  gap 
waveguides  due  to  all  3D  confinement  of  the  propagating  light.  Also  some  extremely  deep  2D  Si 
photonic  crystals^  may  be  .suitable  for  checking  the  proposed  concept. 


Figure  3:  Unit  cell  inversion  in  non-centro-.symmetric  photonic  crystal  may  be  used  for  Quasi 
Phase  Matching 
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CONCLUSION 


It  was  shown  that  properly  designed  photonic  crystals  from  centro-symmetric  materials 
(glass.  Si  or  Ge)  can  posses  effective  second  order  non-linearity  of  the  same  order  as  ordinary 
non-linear  materials. 
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ABSTRACT 

Growth  kinetics  and  thermodynamic  equilibrium  can  both  be  determining  factors  at  different 
stages  of  III-V  semiconductor  heteroepitaxy.  We  study  their  interplay,  employing  kinetic  Monte 
Carlo  simulations  for  the  InAs(OOl)  surface.  The  simulation  contains  atomistic  details  of  both 
species,  including  the  stability  of  different  reconstructions  and  their  kinetics.  The  behavior  of  the 
surface  in  thermodynamic  equilibrium,  including  different  reconstructions,  is  determined  exclu¬ 
sively  by  extensive  total  energy  calculations  employing  ah  initio  density  functional  theory.  The 
continuous  phase  transition  between  the  a2(2x4)  and  p2(2x4),  predicted  by  theory,  is  confirmed 
by  experiment.  At  lull  layer  coverage,  a  recovery  of  the  stable  reconstruction  is  observed.  The 
different  time  scales  associated  with  As2  and  In  are  discussed  with  respect  to  equilibrium  and 
kinetics. 

INTRODUCTION 

Recent  improvements  in  heteroepitaxy  of  III-V  semiconductors  enable  nearly  atomically  flat 
interfaces  between  different  layers.  The  reduction  in  width  of  some  device  layers  down  to  a  few 
atomic  lattice  constants  on  the  other  hand  increases  the  effect  of  variations  on  the  atomic  scale. 
The  complex  behavior  of  III-V  semiconductor  surfaces  makes  investigation  of  atomic  mecha¬ 
nisms  challenging.  Although  many  new  insights  into  static  surfaces,  particularly  concerning 
reconstructions,  have  been  gained  over  the  past  few  years,  [1-4]  the  understanding  of  kinetics  on 
the  atomic  scale  is  still  in  its  infancy,  even  despite  recent  progress  [5-7].  Because  direct  observa¬ 
tion  of  microscopic  processes  is  experimentally  very  difficult  one  relies  on  either  in  situ  tech¬ 
niques  like  reflection  high  energy  electron  diffraction  (RHEED)  or  photo  emission  (PE)  that 
need  additional  interpretation  to  conclude  microscopic  morphology,  or  ex  situ  characterization 
with  techniques  like  atomic  resolution  scanning  tunneling  microscopy  (STM),  where  the  surface 
is  processed  before  it  is  investigated.  The  challenge  for  theoretical  investigation  is  the  determina¬ 
tion  of  the  large  number  of  possible  surface  processes  and  their  complex  interplay.  Although  to¬ 
tal  energy  calculations  employing  ab  initio  density  functional  theory  (DFT)  allow  studying  single 
processes  with  high  accuracy  [7,8],  a  full  quantum  mechanical  treatment  over  long  time  scales  or 
larger  cells  is  not  possible.  These  arguments  suggest  that  computer  simulations  based  on  a  com¬ 
bination  of  theory  and  experiment,  for  model  construction  and  verification  respectively,  might  be 
necessary  to  gain  understanding  in  the  complex  dynamics  of  III-V  semiconductors. 

In  this  paper,  we  describe  a  new  methodology  that  combines  thermodynamic  equilibrium 
and  growth  kinetics  within  one  unified  model,  based  on  extensive  DFT  calculations  and  sup¬ 
ported  by  experimental  results.  The  achievable  accuracy  is  demonstrated  using  the  example  of  a 
kinetic  Monte  Carlo  (KMC)  simulation  for  the  InAs(OOl)  surface.  Theoretical  results  predict  a 
continuous  transition  between  the  a2(2x4)  and  P2(2x4).  Simulated  and  experimental  results 
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agree  quantitatively  in  the  temperature  dependence  of  the  As-dimer  density,  directly  related  to 
this  phase  transition.  Extending  the  results  we  reported  elsewhere  [9]  for  submonolayer  deposi¬ 
tion,  we  report  simulation  results  for  higher  coverage  exceeding  one  monolayer  (ML)  deposition. 
We  discuss  the  possible  use  of  our  simulation  results  for  surface  and  interface  engineering. 

AB  INITIO  DENSITY  FUNCTIONAL  CALCULATIONS 


Atomic  and  electronic  structure  of  the  InAs(OOl)  surface  is  studied  employing  ah  initio  den¬ 
sity  functional  theory  using  the  FHI98MD  program  package  [10].  Total  surface  energies  are  cal¬ 
culated  by  modeling  them  in  a  slab  geometry  with  periodic  boundary  conditions.  The  bottom  of 
the  slab  is  passivated  with  p.seudohydrogen.  Slab  and  vacuum  thickness  arc  converged  with  re¬ 
spect  to  the  total  energy  at  a  length  equivalent  to  8  atomic  layers.  The  local  density  approxima¬ 
tion  (LDA)  as  well  as  generalized  gradient  approximation  (GGA)  is  used  for  the  exchange  corre¬ 
lation  functional.  Wavefunctions  are  expanded  in  plane  waves  up  to  the  converged  energy  of 
2  Ry.  The  k-point  summation  is  carried  out  with  a  Monkho.st-Pack  k-point  set  equivalent 
to  8x8  k-points  per  1x1  unit  cell. 


KINETIC  MONTE  CARLO  SIMULATION 


The  surface  structure  of  InAs,  including  its  bulk  zincbicndc,  .structure  is  described  in  the 
simulation  as  follows.  The  simulation  is  carried  out  on  a  .square  lattice  with  unit  vectors  in  the 
[1 10]  and  [-110]  direction.  Each  site  repre.sents  a  (1x1)  unit  cell  of  the  InAs(OOl)  surface,  and  is 
characterized  by  its  state.  Allowed  states  are  In  that  can  have  a  [110],  [-1-10],  or  no  in-plane 
bond,  and  As  that  can  have  a  [-110],  [1-10],  or  no  bond.  The  state  of  a  site  can  be  changed  by 
processes  describing  adsorption,  desorption,  and  diffusion  on  the  surface.  The  state  of  site  i  and 
its  neighborhood  determines  the  local  surRicc  energy.  The  total  surface  energy  is  given  by  sum¬ 
ming  the  local  energy  contributions  of  all  sites. 

The  definition  of  a  total  surface  energy  in  the  model  allows  a  direct  mapping  to  total  ener¬ 
gies  calculated  by  DPT.  The  parameter  determination  of  the  model  energy  utilizes  more  than  40 
total  energies,  including  those  of  different  surface  reconstructions.  In  adatom  configurations  on 
those  reconstructions,  and  different  As-dimer  adsorption  energies.  By  comparing  energies  from 
this  model  to  an  independent  set  of  DFT  calculations,  we  can  test  convergence  with  respect  to 
interaction  length,  number  of  parameters,  and  parameter  values.  We  find  that  energies  arc  suffi¬ 
ciently  converged,  including  interactions  up  to  next  nearest  neighbor  sites  together  with  many 
body  interactions  involving  up  to  six  sites.  Importantly,  we  find  that  the  accuracy  achieved  with 
the  model  is  comparable  to  the  accuracy  of  the  DFT  calculations.  A  few  remaining  kinetic  pa¬ 
rameters  (the  prefactor  for  In  and  As  proces.ses,  and  the  transition  energy  for  In  diffusion)  were 
determined  by  comparing  simulation  results  to  specifically  designed  experiments  [9].  A  complete 
description  of  our  KMC  model  will  be  published  elsewhere. 


After  describing  the  experimental  setup  in  the  next  section,  we  then  compare  simulation  re¬ 
sults  for  temperature  dependent  As-dimer  densities  in  equilibrium  with  experiment.  Growth  ki¬ 
netics  is  investigated  for  submonolayer  deposition  [9]  and,  presented  here,  multilayer  deposition. 


EXPERIMENTS 


InAs(OOl)  surfaces  are  prepared  on  undoped  InAs  buffer  layers  using  conventional  MBE 
techniques.  The  magnitude  of  the  A.s-flux  from  the  valved  EPI  As.  source  is  measured  by  the 
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uptake  method  [11].  RHEED  and  PE  are  used  as  in  situ  sensors.  Surfaces  are  annealed  (In-flux 
F{ln)  =  0  ML/s)  under  fixed  As-flux  of  F(As)  =  0.083  ML/s  at  different  temperatures.  After 
achieving  a  steady-state  annealing  condition  as  shown  by  RHEED  and  PE  the  surfaces  were 
quenched  by  simultaneously  closing  the  valve  and  As-shutter,  cutting  the  power  to  the  substrate 
heater,  and  rotating  the  sample  towards  the  cryopanel.  The  sample  was  transferred  under  UHV  to 
the  analysis  chamber  with  an  Omicron  LS  full-wafer  STM  and  imaged  after  cooling  to  room 
temperature. 

THERMODYNAMIC  EQUILIBRIUM 


■  380°C 

■  420°C 
•  440°C 


We  simulate  the  temperature 
dependence  of  annealed  InAs(OOl) 
surfaces  that  is  under  zero  In-flux. 

The  initial  surface  is  setup  as  a  per¬ 
fectly  flat  p2(2x4)  reconstructed 
surface.  We  monitor  the  As-density 
during  the  simulation  for  different 
temperatures  using  otherwise  iden¬ 
tical  conditions.  The  As-density  is 
determined  within  the  simulation 
by  counting  sites  that  have  an  As 
state  and  no  higher  neighboring 
sites.  Therefore  the  ideal  a2(2x4) 
has  a  top  As-density  of  0.25  atoms 
per  (1x1)  whereas  P2(2x4)  0.5  at¬ 
oms  per  (1x1). 

The  time  dependence  of  the 
As-density  is  plotted  in  Fig.  1  for 
temperatures  between  380°C  and 
440°C  at  an  As  flux  of  0.083  ML/s. 

The  higher  the  temperature  the  faster  the  reduction  and  the  lower  the  As-density.  But  even  at 
higher  temperatures  equilibration  needs  a  few  seconds.  The  simulated  surface  morphologies  after 
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Figure  1  Simulated  time  dependence  of  As-density  starting 
from  a  perfect  P2(2x4)  reconstructed  surface  at  various 
temperatures. 


Figure  2  Simulated  annealed  InAs(OOl)  surface  in  thermodynamic  equilibrium.  Parameters;  As-ftux  F(As) 
=  0.083  ML/s,  (a)  T  =  380°C  (b)  T  =  440"  C. 
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Figure  3  Annealed  InAs(OOl)  surface  in  experiment  investigated  by  scanning  tunneling  microscopy.  Con¬ 
ditions  are  identical  to  simulation  (see  Fig.  1):  F{As)  =  0.083  ML/s,  (a)  T  =  380“C  (b)  T  =  440°  C. 


1(X)  min  annealing  time  arc  plotted  in  Fig.  2  for  two  different  temperatures.  In  both  situations  the 
surface  consists  mainly  of  a2(2x4)  and  (32(2x4)  unit  cells.  Additionally  there  arc  staggered 
dimers  i.e.  dimers  that  arc  phase-shifted  along  the  dimer  rows  by  one  lattice  constant.  Experi¬ 
mental  results  for  surfaces  annealed  under  identical  conditions  arc  presented  in  Fig.  3. 


GROWTH  KINETICS 

We  present  simulation  results  for  homoepitaxial  growth  of  InAs(OOI).  The  initial  surface  has 
the  p2(2x4)-reconstruction.  The  growth  simulation  is  carried  out  with  parameters  given  in  cap- 
non  of  Fig.  4.  The  growth  rate  is  determined  by  the  In-flux  equal  to  0.5  ML/s.  The  average  As- 
incorporation  is  identical  balanced  by  ad.sorption  and  dc.sorption.  Fig.  4  presents  the  surface 
morphology  after  (a)  half  a  ML  and  after  (b)  a  full  ML  of  deposition  during  growth.  Whereas  the 
P2{2x4)-reconstruction  nearly  disappears  after  0.5  ML,  at  ML  completion  patches  of  recon¬ 
structed  unit  cells  become  visible  again.  Note  that  these  simulations  should  not  be  directly  com¬ 
pared  to  existing  STM  pictures  because  we  have  not  included  the  quenching  process.  We  moni¬ 
tor  changes  in  surface  morphology  by  determining  the  density  of  certain  local  structures.  As  an 
example  we  plot  the  As-density  during  growth  in  Fig.  5.  We  find  an  oscillatory  behavior  con¬ 
nected  to  the  ML  coverage.  The  As-density  has  its  minimum  close  to  1/2  ML  at  1  s  and  its  maxi¬ 
mum  at  ML  completion  at  2  s. 

DISCUSSION 

The  a2(2x4)  and  (32(2x4)  recon.structions  are  stable  for  InAs(CX)l),  as  shown  experimentally 
and  theoretically  [1,4].  Due  to  lack  of  Interaction  between  neighboring  (2x4)  cells,  a  continuous 
transition  between  both  reconstructions  is  observed.  Here  we  demonstrate  the  possibility  of  util¬ 
izing  the  substrate  temperature  to  determine  the  exact  As-density  within  the  limits  given  by 
a2(2x4)  and  (32(2x4).  The  resulting  simulated  surface  morphologies  (see  Fig.  2)  agree  quantita¬ 
tively  with  the  experiment  (Fig.  3).  The  As-density  as  a  function  of  the  substrate  temperature  is 
identical  in  simulation  and  experiment.  The  time  to  equilibrate  the  InAs(OOl)  surface,  is  under 
typical  growth  conditions,  at  least  a  few  .seconds  and  exceeds  typical  growth  rates. 
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Starting  from  a  P2(2x4)  reconstructed  surface,  initially  deposited  In  atoms  form  dimers  and 
later  smaller  clusters  on  the  As-dimer  rows,  leading  to  the  reduction  of  the  surface  As-density 


Figure  4  Surface  morphologies  after  deposition  of  (a)  0.5  ML  and  (b)  1.0  ML  (lower  layer  is  omitted  for 
clarity).  Growth  parameters  F(In)  =  0.5  ML/s,  F(As)  =  2.5  ML/s,  T  =  380°C. 


shown  in  Fig.  5.  At  later  stages,  more  In  clusters  form  and  additional  In  adatoms  filling  the  re¬ 
construction  trench.  This  opens  adsorption  sites  for  the  simultaneously  incoming  As-flux.  The 
minimum  of  exposed  surface  As-dimers  is  found  to  be  close  to  the  half  ML.  Related  changes  in 
local  surface  electronic  structure  could  give  rise  to  oscillations  observed  by  in  situ  characteriza¬ 


tion  techniques. 

As  we  have  demonstrated,  equilibration 
times  exceed  typical  growth  rates.  There¬ 
fore,  we  conclude  that  typical  InAs(OOl) 
growth  does  not  take  place  close  to  thermo¬ 
dynamic  equilibrium.  However,  time  scales 
associated  with  the  dynamics  of  In-atoms 
are  several  orders  of  magnitude  shorter  and 
hence  allow  a  partial  equilibration  of  the  In 
subsystem  between  As  adsorp¬ 
tion/desorption  processes.  This  interplay  be¬ 
tween  equilibration  and  non-equilibrium  can 
be  utilized  for  interface  design.  Thermody¬ 
namic  equilibrium  provides  the  possibility  to 
continuously  adjust  the  As-density  and  in¬ 
fluence  details  of  the  initial  surface.  By 
changing  the  As-density,  the  surface  kinetics 
and  therefore  the  non-equilibrium  behavior 
is  directly  affected. 

The  KMC  model  we  present  here  allows 
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Figure  5  Time  development  of  the  As-density  during 
growth.  Identical  simulation  as  presented  in  Fig.  4. 

investigaton  of  detailed  dynamics  on  the  atomic 


scale  that  is  difficult  to  achieve  by  experimental  means.  The  agreement  with  experimental  results 


in  thermodynamic  equilibrium  and  submonolaycr  deposition  f9]  and  the  parameter  determination 
by  ah  initio  DFT  calculations  was  necessary  to  achieve  this  kind  of  predictive  capability.  Model¬ 
ing  of  in  situ  growth  sensors  like  RHEED  and  PE  can  lake  advantage  of  the  detailed  microscopic 
information  given  by  the  KMC  simulation. 

SUMMARY 

Simulations  and  experiments  are  presented  that  investigate  the  thermodynamic  equilibrium 
and  growth  kinetics  of  the  InAs(OOl)  surface.  We  employed  ah  initio  DFT  based  KMC  simula¬ 
tion  to  study  surface  dynamics  on  the  atomic  scale.  Theoretical  and  experimental  results,  to¬ 
gether  with  simulations,  suggest  a  unique  continuous  phase  transition  between  the  stable  a2(2x4) 
and  p2(2x4)  reconstruction.  Different  time  scales  of  the  As-dimers  and  In-atoms  lead  to  impor¬ 
tant  consequences  for  understanding  growth  of  InAs(OOl).  Equilibration  times  for  As-dimers  ex¬ 
ceed  typical  growth  rates.  Growing  surfaces  arc  therefore  globally  in  non-equilibrium.  However, 
the  high  mobility  of  In-atoms  compared  to  the  slower  kinetics  of  As  processes  leads  to  partial 
equilibration  of  the  In  subsystem  between  successive  As  dimer  deposition  events. 
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